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Abstract 

The  Air  Force  has  recently  acquired  two  aircraft  dedicated  for  cruise  mis¬ 
sile  tracking.  These  aircraft,  known  as  the  Cruise  Missile  Mission  Control  Aircraft 
(CMMCA),  are  responsible  for  collecting  data  from  the  missile  and  tracking  and 
positively  controlling  the  missile  during  live  fire  testing  over  the  western  United 
States.  Due  to  the  limited  tracking  radar  range  and  the  flight  characteristics  of  the 
CMMCA,  tracking  cruise  missiles  through  complex  maneuvers  is  not  always  possible. 
A  FORTRAN  optimization,  based  on  flight  simulation  and  optimal  control  theory, 
was  written  in  a  prior  thesis  effurt  in  order  to  determine  optimal  CMMCA  flight 
profiles  for  tracking  cruise  missile-s  through  certain  maneuvers. 

The  primary  emphasis  of  this  research  effort  was  to  conduct  an  analysis  of  the 
previously  written  optimization  program,  and  to  make  the  appropriate  modifications 
to  improve  the  performance  and  efficiency  of  the  program.  The  program  was  tested 
over  several  different  missile  flight  paths,  using  a  variety  of  different  initial  program 
conditions  and  input  parameters,  in  order  to  find  the  program  modifications  and 
parameter  settings  that  producerl  the  best  CMMCA  flight  profiles  in  response  to  the 
given  cruise  miasile  flight  path. 
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DEVELOPING  CMMCA  FLIGHT  PROFILES 
FOR  CRUISE  MISSILE  TRACKING 


1.  Introduction 

1.1  Backgi'omd 

The  4950tli  Test  Wing  at  Wright-Patterson  AFB  will  soon  acquire  two  aircraft 
dedicatee!  to  supporting  cruise  missile  flight  tests.  These  aircraft,  EC-18s  known 
as  the  Cruise  Missile  Mission  Control  Aircraft  (CMMCA),  are  designed  to  perform 
many  dilTerent  tasks  during  cruise  missile  flight  tests,  which  take  place  across  the 
western  United  States  and  Canaela. 

The  primary  role  of  the  CMMCA  is  receiving  and  processing  telemetry  data 
from  the  missile.  The  CMMCA  is  responsible  for  tracking  and  positively  controlling 
the  missile,  and  also  tracking  any  nearby  aircraft  intruding  into  the  airspace  of 
the  cruise  missile  and  of  the  CMMCA.  Missile  tracking  and  airspace  control  are 
accompli.shed  using  a  modified  AN/APG-63  auto-track  radar  system.  The  CMMCA 
also  contains  a  remote  command  and  control/ilight  termination  system  (RCC/FTS) 
which  allows  the  CMMCA  flight  crew  to  take  control  of  the  missile  if  the  missile  strays 
from  the  intended  course  or  in  any  situation  of  imminent  danger  to  the  missile  or 
the  surrounding  environment  (4). 

During  previous  cruise  missile  flight  tests,  EC- 135s  from  the  4950th  Test  Wing, 
which  did  not  have  the  missile  tracking  capability  of  the  CMMCA,  received  and 
processed  telemetry  data  from  the  missile.  The  roles  of  tracking  and  maintaining 
control  of  the  missile  and  the  surrounding  lurspace  were  performed  by  a  combitiatlon 
of  fighter  and  other  support  aircraft.  The  CMMCA  was  designed  to  combine  the 
roles  of  all  these  aircraft  into  one  platform  (5:1-3)- 
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1.2  Problem  Statement 


Tracking  cruise  missiles  is  not  a  problem  when  the  missile  is  flying  a  relatively 
straight  path.  However,  during  most  cruise  missile  flight  tests,  the  missile  follows  a 
complex  route  to  test  terrain  masking  and  other  deception  techniques  and  to  test 
the  eight  characteristics  of  the  missile.  The  missile  must  also  maneuver  in  order  to 
s‘ay  within  the  confines  of  the  restricted  airspace  of  the  test  range.  The  difference  in 
flight  ciiaracteristics  between  the  CMMCA  and  the  cruise  missile,  combined  with  the 
difference  in  altitude  between  the  two  aircraft  (the  cruise  missile  flies  at  an  altitude 
less  than  1000  feet  above  ground  level,  while  the  CMMCA  maintains  an  altitude 
of  approximately  29,000  feet)  makes  tracking  the  missile  through  these  maneuvers 
an  extremely  difficult  problem,  even  though  the  CMMCA  crew  knows  the  planned 
flight  path  of  the  missile  (1*^). 

There  have  been  at  least  two  previous  attempts  at  solving  the  cruise  missile 
tracking  problem.  The  firct  attempt  was  a  thesis  by  Hcavner,  who  investigated  the 
use  of,  anti  applied,  dynamic  programming  to  sohe  tne  missile  tracking  problem.  In 
his  reseaich,  he  found  the  optimal  flight  paths  for  the  CMMCA  for  a  particular  set 
of  simple  missile  maneuvers.  However,  this  method  proved  to  be  too  complex  and 
computer  intensive  to  solve  the  problem  for  anything  more  than  a  single  maneuver 
(7:36-38). 

Carton  took  another  approacli  to  solving  this  problem.  In  his  thesis.  Carton 
used  a  continuous  simulation  model  to  set  up  a  (light  path  for  a  cruise  miKsih'  maneu¬ 
ver,  and  also  to  find  ai<  initial  guess  for  a  CMMCA  flight  path  to  track  thi  missile. 
He  llien  used  a  FORTRAN  program  to  improve  upon  the  initial  guess.  This  method 
found  the  optimal  CMMCA  flight  path  given  the  particular  missile  flight  profile  and  a 
stafiiBg  point  for  the  CMMCA  relative  to  the  missile.  This  method  also  worked  well 
for  sot^e  rimpleinissHe  maneuvers,  but  produced  infeasible  CMMCA  ftight  paths  for 
some  of  the  more  airhplex  maneuvers  (5:4).  A  moie  detailed  description  of  Carton's 
research  effort  is  found  in  Ohj^>tcr  2. 
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Two  considerable  problems  exist  in  attempting  to  find  optimum  CMMCA  flight 
paths  for  cruise  missile  tracking.  The  first  problem  occurs  when  the  entire  cruise 
missile  flight  path  (or  a  large  portion  of  the  flight  path)  is  broken  down  into  individual 
maneuvers,  and  the  CMMCA  flight  path  is  optimized  for  each  individual  maneuver. 
The  position  of  the  CMMCA  relative  to  the  cruise  missile  at  the  end  of  the  optimal 
flight  path  for  one  particular  maneuver  may  not  be  the  optimal  starting  point  for 
the  next  cruise  missile  maneuver;  it  may  not  even  be  a  feasible  starting  point  for  the 
next  maneuver. 

The  second  problem  is  that  the  modified  AN/APG'63  radar  system  has  a  much 
shorter  useful  range  than  the  telemetry  system,  and  is  therefore  the  limiting  factor 
in  the  effective  telemetry  and  tracking  range  from  the  CMMCA  to  the  cruise  missile. 
Also,  the  telemetry  system  of  the  CMMCA  has  a  shorter  range  than  the  telemetry 
system  on  the  EC-1358  (4).  Previously,  the  EC-135s  could  ’stand-off*  while  the  cruise 
missile  flew  complex  maneuvers  and  still  receive  good  telemetry  data.  Performing 
these  stand-off  routines  with  the  CMMCA  will  result  in  the  tracking  radar  losing 
radar  lock  on  the  missile  and  a  p<^ible  loss  of  telemetry  data,  and  is  therefore  no 
longer  an  acceptable  method  of  collecting  data  from  the  cruise  missile  during  complex 
maneuvers.  However,  due  to  the  limitations  imposed  by  the  flight  characteristics  of 
the  CMMCA,  following  the  same  flight  path  as  the  cruise  missile  through  these 
complex  maneuvers  is  quite  often  not  possible. 

t.3  HfMM'ch  Objective 

The  objective  of  this  research  is  to  develop  optimal  CMMCA  flight  profiles  for 
cruise  missile  tracking.  A  methodology  will  be  produced  that  will  find  the  optimal 
flight  profiles  for  tracking  cruise  missiles  through  a  series  of  complex  maneuvers  or 
over  a  large  distance,  given  a  particular  missile  flight  path  and  the  flight  cliaracteris- 
tics  of  the  CMMCA.  This  research  will  extend  the  research  already  done  by  Carton 
and  Heavner. 
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1.4  Assumptions  and  Limitations 

Several  eissumptions  and  limitations  must  be  made  in  order  to  narrow  the  scope 
of  this  thesis  effort.  Many  of  these  assumptions  were  also  valid  for  the  research 
previously  done  by  Garton  and  Heavner.  These  assumptions  and  limitations  are  the 
following: 

•  For  this  research  effort,  the  slant  range  from  the  CMMCA  to  the  cruise  mis¬ 
sile  will  be  discounted.  The  CMMCA  and  cruise  missile  will  be  assumed  to 
remain  at  constant  altitudes  during  the  entire  flight  path,  and  therefore  any 
representation  of  the  two  aircraft  will  be  in  two  dimensions. 

•  Due  to  the  performance  limitations  of  the  tracking  radar  system,  the  feasible 
distance  from  the  CMMCA  to  the  cruise  missile  will  be  restricted  to  a  range  of 
five  to  fifteen  nautical  miles.  The  feasible  azimuth  deviation  from  the  centerline 
of  the  CMMCA  to  the  cruise  missile  will  be  restricted  to  a  range  of  -60  to  60 
degrees. 

•  Due  to  physical  limitations  of  the  CMMCA,  the  maximum  true  air  speed  (TAS) 
will  be  480  knots  and  the  minimum  TAS  will  be  320  knots.  The  maximum 
desired  bank  angle  will  be  30  degrees. 

•  No  wind  conditions  will  be  incurred  by  the  cruise  missile,  but  the  wind  condi¬ 
tions  for  the  CMMCA  are  variable.  This  allows  for  different  CMMCA  headings 
caused  by  high  altitude  wind  conditions. 

•  Although  the  movements  of  the  CMMCA  and  cruise  missile  are  continuous  pro¬ 
cesses  in  time,  numerical  solution  techniques  used  by  the  computer  to  solve  the 
tracking  problem  require  the  flight  paths  to  be  expressed  as  discrete  processes. 
The  discrete  time  interval  assumed  for  this  research  eflbrt  is  0.10  minutes. 
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1.5  Overview 


Chapter  2  of  this  thesis  provides  an  overview  of  the  current  literature  that  is 
pertinent  to  solving  this  cruise  missile  tracking  problem.  This  includes  information 
required  for  a  better  understanding  of  previous  research  efforts  in  this  area,  such  as 
control  theory,  dynamic  programming,  and  simulation.  Chapter  2  also  includes  a  de¬ 
velopment  of  Carton’s  approach  to  solving  this  problem.  It  covers  the  concepts  and 
methodologies  Carton  used  to  develop  his  FORTRAN  simulation  program.  Chapter 
3  covers  the  initial  modifications  made  to  Carton’s  FORTRAN  program,  and  pro¬ 
ceeds  into  the  experimental  design  methodologies  developed  for  this  research  effort. 
Chapter  3  also  includes  all  computer  code  and  other  material  used  in  the  develop¬ 
ment  of  the  work.  Chapter  4  is  a  presentation  of  the  results  of  this  research  effort, 
and  the  recommendations  and  conclusions  are  presented  in  Ciiapter  5. 
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IL  Literature  Review 


2. 1  Introduction 

In  order  to  properly  investigate  the  problem  of  tracking  cruise  missiles  with 
the  cruise  missile  mission  control  aircraft  (CMMCA),  this  research  must  include  a 
review  of  the  current  literature  on  information  relating  to  the  cruise  missile  tracking 
problem.  This  chapter  begins  with  sections  on  the  basics  of  missile  tracking  and 
optimal  control  theory.  These  are  followed  by  a  thorough  description  of  the  work 
done  by  Garton.  Next,  proportional  navigation  is  briefly  discussed  as  a  possible 
alternate  solution  technique  to  this  problem.  The  final  section  discusses  simulation 
technique.s,  with  an  emphasis  on  verification  and  validation,  which  will  constitute  a 
significant  portion  of  this  research. 

2.2  Cruise  Missile  Tracking 

During  cruise  missile  flight  tests,  the  CMMCA  flight  crew  has  the  responsibility 
of  keeping  the  cruise  missile  within  the  tracking  radar  system’s  radar  cone  over  the 
entire  flight  of  the  missile,  or  over  the  greatest  percentage  of  the  missile’s  flight  if 
100  |>ercent  coverage  is  not  possible.  As  was  previously  mentioned  in  Chapter  1, 
the  assumed  limits  of  the  tracking  radar  for  this  research  are  5  to  15  nautical  miles 
in  range  and  <60  to  60  degrees  in  azimuth.  Figure  1  shows  the  azimuth  and  range 
limits  of  the  tracking  radar.  In  order  to  further  simplify  the  cruise  missile  tracking 
problem,  the  cruise  missile  is  assumed  to  be  positively  tracked  by  the  CMMCA  when 
the  missile  is  anywhere  within  the  tracking  radar’s  coverage  pattern.  Establishing 
a  nominal  cruise  missile  position  near  the  center  of  the  CMMCA’s  radar  coverage 
(dlows  the  flight  crew  to  let  the  missile’s  )>osition  vary  slightly  in  any  direction  with 
respect  to  the  CMMCA  without  losing  radar  contact. 

Cruise  missile  tracking  must  be  accomplished  without  violating  the  physical 
constraints  of  the  CMMCA.  As  discussed  in  Chapter  1,  the  drspecd  limitations  are  a 
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Figure  1.  Range  and  Azimuth  Limits  of  IVacking  Radar 


minimum  of  320  knots  and  a  maximum  of  480  knots,  while  the  bank  angle  is  limited 
to  30  degrees.  Sustaining  bank  angles  greater  than  30  degrees  places  physical  strain 
and  fatigue  on  the  mission  crew  members  on  board  the  aircraft,  many  of  whom  are 
performing  their  jobs  while  standing  up  the  entire  mission  (4).  To  allow  for  the 
greatest  flexibility  in  cruise  missile  tracking  without  violating  the  aircraft's  physical 
constraints,  the  nominal  airspeed  and  bank  angle  should  be  at  the  center  of  the 
performance  limitations,  or  400  knots  and  0  degrees  respectively. 

8,$  Optimal  Control  Ttieory 

The  objective  of  optimal  control  theory,  as  dr.lined  by  Kirk,  is  “to  determine  the 
control  signals  that  will  cause  a  process  to  satisfy  the  physical  constraints  and  at  tire 
same  time  minimize  (or  maximize)  some  performance  criterion"  (8:3).  The  cruise 
missile  tracking  problem  of  attempting  to  maximize  the  percentage  of  the  cruise 
missile  flight  path  that  the  CMMCA  can  track,  while  staying  within  the  physical 
performance  limits  of  the  aircraft,  can  be  viewed  as  an  optimal  control  problem. 
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Garton  used  a  combination  of  optima!  control  theory  and  simulation  to  model 
the  flight  paths  of  the  CMMCA  and  the  cruise  missile  (5:5).  In  setting  up  the 
equations  to  model  the  flight  path  of  the  two  aircraft,  Garton  followed  the  three 
steps  for  formulating  an  optimal  control  problem  as  outlined  by  Kirk: 


1.  A  mathematical  description  (or  model)  of  the  process  to  be  controlled. 

2.  A  statement  of  the  physical  constraints. 

3.  Specification  of  a  performance  criterion.  (8:4) 

The  movements  of  the  CMMCA  and  the  cruise  missile  conform  to  physical  laws, 
and  therefore  can  be  described  by  mathematical  equations.  Since  the  CMMCA  and 
the  cruise  missile  are  both  airborne  vehicles,  they  can  change  their  flight  path  in 
three  independent  directions  and  also  rotate  about  three  separate  axes.  This  gives 
both  aircraft  six  degrees  of  freedom  (14:235).  However,  for  the  scope  of  this  research, 
both  the  CMMCA  imd  the  cruise  missile  are  assumed  to  maintiun  constant  altitude 
(12).  Therefore,  their  flight  paths  can  be  described  in  terms  of  a  two-dimensional 
(North-South  and  East- West)  coordinate  system. 

Deflning  the  flight  path  of  the  CMMCA  in  mathematical  form  is  the  flrst  step 
in  solving  the  cruise  missile  tracking  problem  by  any  solution  method  and  is  also  the 
flrst  phase  of  formulating  an  optimal  control  problem.  In  his  research,  Garton  defined 
the  flight  path  of  the  CMMCA  in  the  form  of  three  differential  equations  (5:7-8). 
These  equations,  which  describe  a  two-  dimensional  flight  path  for  the  CMMCA,  are 
the  following: 


■^^TA$*Bm{HDG)  +  WV^ 
dt 


(1) 


^  *  rA5  *  co»{H DG)  +  wv; 


(2) 


(3) 


dHDG  g  *  tan(a) 
di  TAS 

The  independent  variables  in  these  equations  are  the  aircraft  heading  (HDG), 
the  true  airspeed  (TAS),  the  CMMCA  bank  angle  (a),  and  the  two  components  of 
wind  velocity  {W'K-  and  Vk'Vy).  The  constant  g  in  equation  (3)  represents  the  grav¬ 
itational  constant.  Here,  North  is  the  positive  y-direction,  and  East  is  the  positive 
x-direction  (5:8-9). 

The  choice  of  independent  and  dependent  variables  depends  on  what  informa¬ 
tion  is  needetl  about  the  system  being  evaluated.  Since  the  object  of  this  research 
is  to  derive  information  about  the  position  of  the  CMMCA  relative  to  the  cruise 
missile,  the  above  ectuations  are  applicable. 

The  next  phase  of  formulating  a  control  theory  solution  Is  determining  the 
physical  limitations  of  the  systems.  The  CMMCA  has  limitations  on  its  maximum 
and  minimum  operating  speeds  and  maximum  bank  angle.  These  limitations  restrict 
the  set  of  possible  flight  paths  that  the  CMMCA  could  follow.  Therefore,  these 
limitations  must  also  be  included  in  the  control  theory  formulation  of  the  CMMCA 
flight  path.  In  his  research  Carton  solved  the  three  differential  equations  which 
describe  the  flight  path  of  the  CMMCA  (equations  1  -  3),  changed  them  from  a 
continuous  to  a  discrete  form  (since  the  cruise  missile  tracking  problem  must  be  in  a 
discrete  form  for  a  numerical  solution),  and  transformed  variables  in  the  equations 
so  that  the  control  variables  are  the  true  airspeed  and  bank  angle  at  each  discrete 
time  point.  The  hnal  forms  of  these  equations  are  as  follows:  (5:59) 

*  *0  +  E  +  WV,il  -  <«)  (4) 

y,  *  Ito  +  '£TASicm[HDGi]W}At  -b  WV,H  -  4) 


(5) 


(6) 


HDGi  =  //DGo  + 

j=0  -*  ^^3 

The  previous  equations  can  thus  describe  the  position  of  the  CMMCA  at  any 
discrete  point  along  its  flight  path,  based  on  the  initial  position  of  the  CMMCA  (lo 
and  yo),  the  initial  heading  of  the  CMMCA  {HDGq),  the  true  airspeed  and  bank 
angle  values  up  to  that  point  {TASj  and  otjt),  the  heading  values  up  to  that  point 
(which  are  functions  of  initial  position,  airspeed,  and  bank  angle),  and  the  wind 
conditions.  The  Wj  values  are  quadrature  weights,  which  are  necessary  for  solving 
these  equations  numerically  using  the  trapezoidal  rule  for  numerical  integration. 

The  final  step  in  formulating  an  optima)  control  theory  problem  is  selecting 
an  appropriate  performance  criteria.  Kirk  defines  an  optimal  control  as  ""one  that 
minimizes  (or  maximizes)  the  performance  measure”  (8:10).  For  the  cruise  rnksile 
tracking  problem,  the  appropriate  performance  measure  is  maximizing  the  percent¬ 
age  of  the  critise  missile  flight  path  over  which  the  CMMCA  can  successfully  track 
the  missile. 

B.4  Solution  Method 

As  discussed  earlier,  in  his  attempt  to  solve  this  problem  Carton  used  optima) 
control  theory,  which  was  implemented  in  a  FORl'RAN  simulation  program  to  find 
optima)  CMMCA  flight  paths  for  tracking  crui^  missiles  (5:18).  At  the  heart  of  the 
FORTRAN  program  is  an  objective  functional  originally  developed  by  Baker  and 
later  adapted  to  this  particular  solution  method  (2). 

2,4-1  Ohjtclim  Funetionol.  TIte  FORTfRAN  simulation  program  developed 
by  Carton  finds  an  optima)  CMMCA  flight  path  by  means  of  iteratively  performing 
a  modified  gradient  search  in  order  to  minimize  an  objective  functional  (5:18-19). 
The  objective  functional  desciibes  the  position  of  the  CMMCA  relative  to  a  nominal 
position  determined  to  be  the  best  position  for  the  CMMCA  for  tracking  the  ctniise 
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missile.  The  objective  functional  is  based  on  the  following  four  independent  variables: 
distance  from  the  CMMCA  to  the  cruise  missile,  the  cruise  missile  azimuth  angle 
relative  to  the  CMMCA,  the  CMMCA  true  airspeed  (TAS),  and  the  CMMCA  bank 
angle.  The  objective  functional  calculates  a  value  at  each  discrete  point  in  the 
CMMCA  flight  path,  based  on  the  difference  between  the  variables  and  their  nominal 
values.  This  ‘penalty’  increases  as  a  function  of  the  difference  between  the  variable 
and  its  nominal  value.  Figure  2  shows  the  basic  shape  of  the  penalty  curve  for  each  of 
the  objective  functional  variables.  Therefore,  the  goal  of  the  optimization  program  is 
to  minimize  the  penalty  Imposed  at  each  discrete  point  in  the  CMMCA  flight  path. 


Dtttattce  Notninal 


Fipre  2.  Penally  Function  Sliape 


The  first  two  variables  are  included  in  the  objective  functional  in  order  to  kee}> 
the  cruise  missile  within  the  limits  the  CMMCA’s  tracking  radar  system.  As 
was  previously  mentioned  in  Chapter  1,  the  limits  of  the  tracking  radar  are  3  to  15 
nautical  miles  (nm)  in  range,  and  >60  to  60  degrees  in  asimuth.  Figure  i  showed  the 
a»muth  and  range  limits  of  the  tracking  radar.  The  last  two  variables  ate  included 
in  the  objective  (unclional  to  ensure  that  the  CMMCA  does  not  e.xceed  its  airspeed 
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and  bank  angle  limitations.  The  airspeed  limitations  assumed  for  this  research  are 
320  to  480  knots,  and  the  assumed  bank  angle  limitation  is  30  degrees. 

The  penalty  induced  by  the  current  position  error  is  described  by  the  following 
equation: 


where  tq  is  the  nominal  desired  range  from  the  CMMCA  to  the  cruise  missile,  Oq  is 
the  nominal  desired  azimuth  angle  between  the  two  aircraft,  and  Wi  is  a  weighting 
factor  used  to  scale  the  penalties  between  the  range  and  azimuth  angle  deviations. 


The  penalty  induces!  by  CMMCA  control  inputs  comes  fronj  the  airsjiecHl  and 
bank  angle.  The  airs|>eed  penalty  is  of  the  form: 


Jtas  - 


V(0-t/e 


3*K3 


where  t4  is  the  nominal  desired  true  airspeed,  jP  is  an  viewable  variance  from  the 
nominal  true  airspetnl  value,  and  As  is  an  integer  value  that  affects  the  steepness  of 
the  penalty  function.  IVj  is  another  weighting  factor  u^^  to  scale  the  penalties. 

The  final  part  of  the  induced  penalty  comes  from  the  bank  angle.  The  bank 
angle  penally  is  of  the  form: 


4  a  Wu 


witere  ^  is  the  nrnninal  desired  bank  angle  and  is  an  integer  value  that  affects 
the  steepness  of  the  penalty  function.  is  the  ftnal  weighting  factor  used  to  scale 
llie  penalties. 

The  overall  discrete  form  of  the  objective  functional  thus  becomes: 

(10) 


la 


where 


Ji  =  [ri-rof+W,[ei-6o]^-\-W2 


’VI  -  Uo 

2*h^ 

a,- 

+  W3 

. 

T  2*^4 


(11) 


The  W ti  values  again  are  quadrature  weights  used  to  numerically  calculate  the  ob¬ 
jective  functional  penalty  value  using  the  trapezoidal  rule. 

Since  the  only  two  variables  that  can  be  controlled  by  the  CMMCA  flight  crew 
are  airspeed  and  bank  angle,  the  distance  and  azimuth  angle  from  the  CMMCA  to 
the  cruise  missile  must  be  expressed  in  terms  of  the  true  airspeed  and  bank  angle. 
Carton  used  equations  (4)  through  (6)  to  express  the  current  position  (r,-  and  6i)  in 
terms  of  true  airspeed  and  bank  angle,  thereby  describing  the  flight  path  using  only 
the  initial  conditions  and  the  two  c  -ntrol  inputs. 

With  the  objective  functional  completed,  Carton  then  constructed  a  FOR¬ 
TRAN  program  designed  to  find  the  optimal  CMMCA  flight  path  based  upon  the 
given  cruise  missile  flight  path  and  the  CMMCA  flight  characteristics.  Given  an 
initial  CMMCA  flight  path,  this  program  evaluates  the  overall  penalty  value  of  the 
current  CMMCA  flight  path  by  calculating  the  penalty  induced  at  each  discrete 
point  in  the  flight  path,  and  then  calculates  the  changes  to  the  true  airspeed  and 
bank  angle  necessary  to  produce  a  fliglit  path  with  a  smaller  overall  penalty. 

The  program  uses  a  gradient  search  method  to  reduce  the  penalty  value.  It 
calculates  the  gradient  of  the  objective  functional  with  respect  to  each  airspeed  and 
bank  angle  in  the  maneuver  (5:25-31).  The  opposite  direction  of  the  gradient  indi¬ 
cates  the  direction  of  steepest  decent,  and  thus  the  direction  ol  maximum  reduction 
of  the  objective  functional.  The  program  thc.u  computes  the  penalty  value  at  two 
points  along  the  direction  of  steepest  decent,  'md  using  the  current  penalty  value 
as  a  third  point  along  the  gradient,  fits  a  parabola  to  these  points.  The  point  at 
which  this  fitted  parabola  is  minimized  is  assumed  to  be  close  to  the  actual  minimum 
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penalty  value  along  the  gradient,  and  -s  thus  used  as  the  next  starting  point  for  the 
minimization  routine  (1). 

The  penalty  induced  by  the  new  flight  path  is  then  calculated  and  again  changes 
are  made  to  the  airspeed  and  bank  angle.  These  steps  are  performed  iteratively  until 
a  solution  determined  to  be  the  optimal  solution  is  found.  The  solution  is  declared 
optimal  if  a  minimum  desired  penalty  value  is  achieved.  If  the  program  cannot 
produce  a  flight  path  with  less  penalty  than  the  desired  penalty  value  within  a 
certain  number  of  program  iterations,  the  program  is  terminated. 

The  next  two  subsections  describe  the  input  files  needed  to  make  Carton’s 
program  work,  arid  the  output  files  produced  by  the  program. 

2.4-^  Optimization  Program  inputs.  The  first  input  file  to  the  optimization 
program  is  the  file  INPMT.DAT.  This  input  file  must  contain  the  cruise  missile  x- 
and  y-  positions  for  each  discrete  time  point  in  the.  cruise  missile  maneuver,  nd 
also  an  initial  vector  of  CMMCA  speeds  and  bank  angles  for.  cadi  point.  FVom  an 
initial  effort  at  solving  this  problem,  Carton  had  designed  a  SLAM  II  simulation 
model  tl  ^’slgtiecl  to  replicate  the  flight  characteristics  of  both  the  crinse  missde  and 
the  CMMCA  l5;31).  He  modified  this  ntorlel.  to  prtnKice  as  output,  cruise  missile  X“ 
and  yvpositions  (relative  to  the  initial  CMMCA  position)  at  discrete  time  intervals 
for  a  given  cruise  missile  maneuver^  This  output  fik*  also  inciuded  an  mitial  gue^  for 
the  CMMCA  hunk  angle  and  speed  nwessary  to  pursue  the  Untile.  Therefore,  the 
output  fiie^from  this  SLAM  11  pragrain.  pro«)uet*d  the  necessary  inpbt  flight  {irofile 
for  the  POl^rk  AN  optimization  program  (5:31-3.1).  : 

Other  input  files  required  to  run:  the  FOU’I’RAN  program  contain  the  nominal 
values  for  distance  and  azimuth  from  the  CMMCA  to  the  missile ^d  true  airspeed 
and  bank  angle,  weights  for  each  of  the  objective  fuiicUonaf  components,  wind  con¬ 
ditions  for  the  CMMCA,  and  data  to  rdculi^e  the  quadrature  values  needetl  for  the 
numerical  integrations. 


2.4-3  Optimization  Program  Output.  Carton’s  simulation  program  produces 
two  output  files  for  each  cruise  missile  maneuver.  The  first  output  file,  labeled 
RESULTS.OUT,  lists  the  CMMCA  bank  angle,  airspeed,  range  to  the  cruise  missile, 
and  a/jimulh  angle  from  the  CMMCA  to  the  cruise  missile  for  each  discrete  time 
point  in  the  cruise  missile  manuever.  RESULTS.OUT  also  includes  the  final  JSTOP 
value  and  the  number  of  iterations  performed  by  the  program  to  obtain  the  final 
solution.  An  example  of  the  output  file  RESULTS.OUT,  illustrating  the  results  for 
a  90  degree  right  turn  by  the  cruise  missile,  is  shown  in  Table  1  below. 

The  other  output  file  obtained  from  the  optimization  program  is  the  cruise 
missile  and  CMMCA  x-  and  y-  positions  for  each  discrete  time  point  during  the 
missile  maneuver.  This  data  can  be  used  to  produce  plots  of  the  cruise  missile  and 
the  optimal  CMMCA  flight  path  for  following  the  cruise  missile  maneuver.  The  plot 
for  the  90  degree  cruise  missile  turn  example  is  shown  in  Figure  3. 

'  2-4’4  -FORTRAN  Pivgmm  Perfortnance.  Carton  ran  his  optimization  pro¬ 
gram  the  following  cruise  missile  flight  paths:  a  straight  flight  with  the  CMMCA 
S  nautical  miles  directly  behind  the  missile,  a  straight  flight  with  the  CMMCA  start¬ 
ing. with  a  5  nautical  mile  horizontal  offset  and  8  nautical  miles  behind  the  missile, 
and  90,  ISO,  and  270^  deg^  turns  each  with  the  CMMCA  starting  8  nm  directly 
behiiuUhe  mmile.  TJlie  CMMCA  was  able  to  track  the  cruise  missile  through  the 
straight  flights  and  90  degree  turn  with  100  percent  radar  coverage,  but  radar  cov¬ 
erage  fell  draitmlically  for  the  ISO  and  270  degree  turns.  I'he  output  results  for  each 
run  are  sumntarized  in  Table  2. 

2.5  Pro^Hional  Natngation 

'  Proportional  navigation  is  a  tecimtque  that  is  commonly  used  by  airplanes  and 
ill  pursuit  of  other  airborne  vehicles.  Proportional  navigation,  as  stated  by 
:ituelman,  is  '*a  homing  guidance  technique  tn  which  the  missile  turn  rate  is  directly 
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Table  1.  Data  From  File  RESULTS. OUT,  90  Degree  Cruise  Missile  Turn 


JSTOP  =  7.691867 

NUMBER  OF  ITERATIONS  =  150 


Time 

BANK  (deg) 

SPEED  (kTAS) 

0.1 

400.4 

0.2 

399.0 

0.3 

-5.9 

397.8 

0.4 

396.7 

0.5 

395.7 

0.6 

-1.4 

394.7 

0.7 

0.0 

393.8 

0,8 

1.4 

392.9 

0.9 

2.8 

391.9 

1.0 

4.2 

391.0 

1.1 

5.7 

390.1 

1.2 

7.2 

389.1 

1.3 

8.8 

388.3 

1.4 

10,4 

387.4 

1.5 

12.0 

386.7 

1.6 

13.5 

386.0 

1.7 

15.0 

385.6 

1.8 

16.2 

385.3 

1.9 

17.3 

385.4 

2.0 

17.9 

385.8 

2.1 

18.2 

386.5 

2.2 

18.0 

387.5 

2.3 

17.4 

388.8 

2.4 

16.5 

390.1 

2.5 

15.4 

391.5 

2.6 

14.2 

392.8 

2.7 

12.9 

394.0 

2.8 

11.5 

395.2 

2.9 

10.2 

396.2 

3.0 

8.9 

397.1 

3.1 

7.7 

397.8 

3.2 

6.6 

39S.4 

3.3 

5.5 

398.9 

3.4 

4.5 

399.3 

3.5 

399.6 

3.6 

399.8 

3.7 

1.9 

399.9 

3.8 

1.2 

400.0 

RANGE  (nm) 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 

8.1 

8.1 

8.1 

8.1 

8.1 

8.1 

8.1 

8.1 

8.1 

8.1 
8.0 
7.0 

7.9 

7.9 

7.8 

7.8 

7.8 

7.8 

7.8 

7.9 

7.9 

7.9 


10.0 

11.3 
12.8 

14.3 
16.0 

17.6 

19.2 
20.8 
22.1 

23.3 

24.2 

24.9 

25.2 

25.3 

25.1 

24.7 

23.9 

22.7 

21.2 

19.6 
18.0 

16.3 

14.7 
13.2 

11.8 
10.6 
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Figure  3.  Graphical  Output  of  90  Degree  Cruise  Missile  Turn 


Table  2.  Preliminary  Results  of  Carton’s  Optimization  Program 


Flight  Path 

Percent  Coverage 

Straight 

100 

Straight  w/  Oifset 

100 

90  Degree  Turn 

100 

180  Degree  Turn 

34.3 

270  Degree  Turn 

58.7 
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proportional  to  the  turn  rate  in  space  of  the  line  of  sight  [to  the  pursued  vehicle]” 
(6:364).  In  proportional  navigation,  the  missile  reacts  to  the  movements  of  the 
vehicle  being  pursued  and  follows  a  flight  path  that  is  dependent  on  the  the  physical 
limitations  of  the  missile  and  on  the  flight  path  of  the  other  vehicle.  The  flight 
path  of  the  missile  becomes  a  function  of  the  current  heading  and  location  of  the 
maneuvering  target. 

.  The  laws  governing  the  proportional  navigation  flight  paths  for  vehicles  in  pur¬ 
suit  of  maneuvering  targets  are  represented  by  non-linear  differential  equations,  with 
the  independent  variables  being  the  velocity  and  acceleration  of  the  target  vehicle 
(9:81-82).  The  complexity  of  these  equations  makes  solving  them  in  closed  form 
computationally  intractable.  However,  recent  work  by  Mahapatra  and  Shukla  has 
led  to  a  quasilinear  closed-form  solution  for  the  proportional  navigation  equations. 
Mahapatra  and  Shukla  have  shown  this  solution  to  be  very  accurate  by  comparing 
it  to  current  linear  approximation  and  numerical  solution  techniques  (9:88). 

With  this  quasilineai'  solution  technique,  a  computer  could  be  used  to  deter¬ 
mine  the  proportional  navigation  flight  path  of  a  CMMCA,  given  a  particular  set  of 
CMMCA  and  cruise  missile  velocity  and  acceleration  conditions.  Since  the  missile 
flight  path  is  known  prior  to  each  cniise  missile  flight  test,  the  cruise  missile  and 
CMMCA  flight  paths  could  be  simulated  with  the  CMMCA  following  proportional 
navigation  laws  to  pursue  the  cruise  missile  through  various  maneuvers.  By  adjust¬ 
ing  the  stiwtmg  point  and  the  navigation  rules  of  the  CMMCA,  a  set  of  flight  paths 
could  be  developed  and  analyzed  to  find  the  optimal  CMMCA  flight  path. 

S.6  Simulaiion 

Computer  simulation  is  one  of  the  possible  techniques  available  to  aid  in  de¬ 
termining  optimal  CMMCA  flight  paths  for  tracking  cruise  missiles.  Simulation  has 
previously  been  used  on  this  problem  and  also  on  similar  problems.  Carton  used 
simulation  to  determine  flight  paths  obtained  through  control  theory  methods  (5:31). 
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Simulation  was  successfully  used  in  a  similar  situation,  when  it  was  used  to  model 
the  motion  of  the  Orbital  Maneuvering  Vehicle  during  the  performance  of  required 
duties  in  space.  This  simulation  helped  determine  the  expected  capabilities  of  the 
planned  Orbital  Maneuvering  Vehicle,  even  though  that  vehicle  will  not  be  built  for 
many  years  (15:98-99). 

Simulation  is  the  process  of  designing  and  building  a  computer  model  of  a  sys¬ 
tem  and  then  using  that  model  to  draw  inferences  about  the  modeled  system  (10:6). 
The  purpose  of  simulation,  as  described  by  Bekey,  is  “either  to  yield  insight  into 
the  behavior  of  the  process  being  simulated  or  to  make  predictions  of  performance” 
(3:57).  If  simulation  is  to  be  useful,  it  must  simplify  the  description  of  the  system 
while  still  accurately  representing  the  system  conditions  to  be  studied. 

The  simulation  process  can  be  broken  down  into  ten  distinct  steps.  Pritsker 
describes  these  steps  as  the  following: 


1.  Problem  Formulation. 

2.  Model  Building. 

3.  Data  Acquisition. 

4.  Model  Translation. 

5.  Verification. 

6.  Validation. 

7.  Strategic  and  Tactical  Planning. 

8.  Experimentation. 

9.  Analysis  of  Results. 

10.  Implementation  and  Documentation.  (10:10-11) 


The  most  important  steps  of  this  mpdel  building  procedure  are  the  verification 
and  validation.  Verification  of  a  simulation  model  ensures  tliat  the  system  simulation 
performs  exactly  as  the  model-builder  intended.  Validation  of  a  model  ensures  that 
the  simulation  represents  the  system  well  enough  to  gain  useful  information  about 
the  system.  The  underlying  problem  is  that  validity  is  not  a  deterministic  condition; 
a  model  cannot  be  viewed  as  cither  valid  or  not  valid.  The  valid!  ly  of  a  model  is 
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more  of  a  stochastic  process,  and  is  actually  a  measure  of  the  degree  to  which  the 
model  represents  the  system  (13:177-178). 

Sargent  describes  the  validation  process  as  consisting  of  “performing  test  and 
evaluation  within  the  model  development  process  to  determine  whether  a  model  is 
valid  or  not”  (11:33).  Sargent  goes  on  to  describe  several  validation  techniques, 
including  comparison  to  other  models,  validity  based  on  expected  events,  and  com¬ 
parison  to  historical  data  (11:33-34).  The  validity  of  the  simulation  of  CMMCA 
flight  paths  can  be  ensured  by  two  of  these  three  methods.  The  simulation  can  be 
compared  to  historical  data  gathered  during  previous  cruise  missile  tests,  and  the 
simulation  can  also  be  checked  for  events  that  are  expected  to  take  place  during 
the  cruise  missile  flight  testing  (such  as  CMMCA  reaction  to  certain  cruise  missile 
maneuvers).  Another  method  of  validating  the  simulation  is  comparing  the  results 
of  the  modified  code  to  Carton’s  original  code.  Any  modifications  to  the  simulation 
should  show  some  improvement  to  the  simulation,  or  should  not  be  included  in  the 
modifications.  Therefore,  any  simulation  model  built  during  this  research  can  be 
effectively  validated  by  more  than  one  method. 

2. 7  Suinmai'y 

Through  optimal  control  theory,  Carton  and  Baker  developed  an  equation 
that  describes  the  flight  path  of  the  CMMCA  in  discrete  time  points  relative  to  the 
flight  path  of  the  cruise  missile  and  assigns  a  penalty  value  if  the  flight  path  is  not 
optimal.  Carton  then  used  this  equation  as  the  basis  for  a  FORl'RAN  program 
which  is  designed  to  find  optimal  flight  paths  for  cruise  missile  tracking.  Carton’s 
research  went  a  long  way  towards  solving  the  cruise  missile  tracking  problem,  but 
the  premliminary  results  presented  in  section  2.4.4  show  that  there  is  still  much 
room  for  improvement.  This  chapter  presented  a  summary  of  Carton’s  work  and  the 
mathematical  formulation  leading  up  to  his  FORTRAN  program,  and  also  presented 
information  necessary  for  continuing  his  work  toward  finding  optimal  solutions. 
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III.  Methodology 


3.1  Introduction 

This  chapter  describes  the  steps  taken  in  the  analysis  and  modification  of  Gar- 
ton’s  optimization  code.  The  first  section  explains  the  modifications  made  to  the 
output  files  in  order  to  better  analyze  the  performance  of  the  simulation.  The  second 
section  discusses  the  changes  made  to  the  weighting  factors  of  the  individual  com¬ 
ponents  of  the  oojective  functional.  Next,  the  four  cruise  missile  flight  paths  used 
to  test  the  program  are  presented  and  discussed,  followed  by  a  section  describing  an 
alternate  initial  CMMCA  flight  path.  The  next  section  of  this  chapter  discusses  the 
experimental  design  techniques  used  to  analyze  the  performance  of  the  optimization 
program  and  determine  the  weight  settings  for  optimal  tracking  performance.  Fol¬ 
lowing  that  is  a  discussion  of  three  different  methods  which  were  used  to  improve 
the  performance  of  the  program  over  the  last  flight  profile.  The  final  section  of 
this  chapter  discusses  the  analysis  of  the  program  in  an  attempt  to  determine  the 
conditions  necessary  for  convergence  of  the  algorithm  to  a  single  optimal  solution. 

3.S  Output  Modifications  to  Optimization  Pi'Oijram 

Originally,  Carton’s  optimization  program  printed  out  the  CMMCA  bank  an¬ 
gle,  airspeed,  range  to  the  cruise  missile,  and  azimuth  angle  to  the  cruise  missile 
for  every  time  point  in  the  maneuver.  This  infonnation  was  printed  to  the  file 
IIESULTS.OUT.  The  program  also  output  the  x  and  y  coordinates  of  both  the 
CMMCA  and  cruise  missile  at  every  discrete  point  of  the  entire  maneuver  into  the 
file  PLOT.DAT.  An  example  of  this  output  for  a  90  degree  turn  was  seen  in  Figure  3. 
This  information  is  very  beneficial  to  CMMCA  mission  planners  and  crew  members 
when  attempting  to  figure  out  how  to  track  cruise  missiles,  but  docs  not  present 
enough  information  in  order  to  perform  a  rigorous  analysis  of  the  performance  of  the 
program. 
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In  order  to  properly  evaluate  the  performance  of  the  optimization  program, 
several  changes  needed  to  be  made  to  the  output  files.  These  changes  inlude  modi¬ 
fication  of  existing  output  files,  and  also  creating  an  additional  output  file. 

3.2. 1  RESULTS.  OUT  Modifications.  The  most  needed  performance  criterion 
missing  from  the  output  of  the  optimization  program  is  the  percentage  of  the  cruise 
missile  maneuver  that  the  cruise  missile  was  in  the  radar  cone  of  the  CMMCA’s 
tracking  radar  system.  The  percentage  of  radar  coverage  through  the  given  cruise 
missile  maneuver  is  really  the  key  point  in  the  optimization  of  the  CMMCA  flight 
path,  since  the  CMMCA  flight  crew  seeks  to  maximize  ths  percentage.  The  proper 
FORTRAN  code  was  added  to  the  program  so  that  the  optimization  program  deter¬ 
mines  the  percentage  of  radar  coverage  over  the  entire  cruise  missile  maneuver.  This 
is  accomplished  by  evaluating  at  each  discrete  time  point  whether  the  cruise  missile 
is  within  the  CMMCA’s  radar  limits,  and  then  calculating  the  percentage  of  radar 
coverage  for  the  entire  run. 

Another  missing  criterion  is  the  percentage  of  the  cruise  missile  maneuver 
that  the  CMMCA  is  within  its  bank  angle  and  airspeed  constraints.  The  CMMCA 
drspeed  and  bank  angle  at  each  point  are  calculated  by  the  optimization  program 
and  printed  out  in  the  file  RESULTS.OUT,  but  the  percentage  of  the  flight  path 
that  the  CMMCA  is  within  these  constraints  is  not  calculated.  The  program  was 
modified  to  calculate  the  percentage  of  the  missile  maneuver  that  the  CMMCA  is 
within  its  constraints.  This  value  is  found  by  calculating  at  each  titne  point  whether 
the  CMMCA  is  within  its  constraints,  and  then  calculating  the  percentage  over  the 
entire  maneuver. 

An  example  of  the  modified  RESULTS.OUT  for  the  90  degree  turn  example  of 
Chapter  2,  indicating  the  additions  made  to  the  output  file  RESULTS.OUT,  is  shown 
in  Table  3.  Two  columns  were  added  to  the  output  file.  The  first  column  added, 
lid>eled  RADAR,  indicates  at  each  discrete  point  whether  or  not  the  cruise  missile 
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was  within  the  CMMCA’s  radar  cone.  The  second  column  added,  labeled  STRUCT, 
indicates  at  each  discrete  point  whether  or  not  the  CMMCA  was  within  the  physical 
limits  of  the  aircraft.  One  item  to  note  is  that  the  percentage  of  radar  coverage, 
the  points  at  which  radar  coverage  does  not  occur,  the  percentage  of  satisfying  the 
physical  constraints,  and  the  points  at  which  the  constraints  are  not  satisfied,  are 
calculated  only  for  the  CMMCA  flight  path  determined  by  the  program  as  having 
the  minimum  penalty  value.  The  coverage  and  constraint  percentages  are  not  used 
by  the  program  to  evaluate  the  optimal  flight  path.  The  program  still  determines 
the  optimal  path  by  the  minimized  value  of  the  objective  functional. 

3.2.2  Penalty  Source  Calculations.  Another  output  modification  determined 
as  necessary  for  properly  analyzing  the  optimization  routine  is  the  evaluation  of  the 
source  of  the  induced  penalty  at  each  point  in  the  flight  path.  This  will  show  the 
points  in  the  CMMCA  flight  path  which  are  inducing  the  penalty  into  the  objective 
functional,  and  which  penalty  function  components  (i.e.  range,  bank  angle)  are 
inducing  the  penalty.  Knowing  the  source  of  the  penalty,  along  with  the  ‘trouble 
spots’  in  the  CMMCA  flight  path,  should  show  where  the  program  is  failing  or  having 
problems,  and  will  help  indicate  the  ‘route’  to  be  taken  towards  producing  a  better 
algorithm. 

The  objective  functional  values  for  each  objective  functional  variable  at  each 
discrete  time  point  were  added  to  the  CMMCA  program  output  as  a  separate  file, 
called  JCALC.OUT.  The  output  file  JCALC.OUT  is  shown  in  Table  4  for  the  90 
degree  turn  example  of  Chapter  2.  This  table  shows  the  penalty  value  induced  by 
each  objective  functional  component  at  each  discrete  time  point,  and  also  shows  the 
points  where  the  missile  was  out  of  the  radar  cone  and  where  the  CMMCA  exceeded 
its  physical  constraints. 

The  graphical  output  of  the  file  JCALC.OUT  is  shown  in  Figures  4  through  7. 
These  plots  indicate  very  clearly  the  source  of  the  final  penalty  value,  and  where 
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Table  3.  Modified  File  RESULTS. OUT  Output,  90  Degree  Missile  Turn 


JSTOP  =  7.691867 

NUMBER  OF  ITERATIONS  =  150 


Time 

BANK 

SPEED 

RANGE 

mm 

RADAR 

mgm 

-9.6 

400.0 

8.0 

1.4 

1 

-7.8 

398.9 

8.0 

4.2 

1 

la 

-6.1 

397.9 

8.0 

6.6 

1 

0.4 

-4.5 

397.1 

8.0 

8.7 

1 

0.5 

-3.0 

396.3 

8.0 

10.4 

1 

0.6 

-1.5 

395.5 

8.1 

11.7 

1 

0.7 

394.8 

8.1 

13.2 

1 

0.8 

394.0 

8.1 

14.8 

1 

0.9 

393.3 

8.1 

16.4 

1 

1.0 

392.5 

8.1 

18.1 

1 

1.1 

5.9 

391.8 

8.1 

19.7 

1 

1.2 

7.5 

391.1 

8.1 

21.1 

1 

1.3 

9.0 

390.4 

8.1 

22.5 

1 

1.4 

10.0 

389.7 

8.1 

23.6 

1 

1.5 

12.2 

389.1 

8.1 

24.5 

1 

1.6 

13.7 

388.7 

8.1 

25.1 

1 

1.7 

16.1 

388.3 

8.0 

25.4 

1 

1.8 

16.3 

388.2 

8.0 

25.5 

1 

1.9 

17.3 

388.3 

7.9 

25.4 

1 

2.0 

17.9 

388.6 

7.9 

2,5.1 

1 

2.1 

18.1 

389.2 

7.8 

24.3 

2.2 

18.0 

390.0 

7.8 

23.2 

2.3 

17.5 

391.0 

7.8 

21.8 

1 

2.4 

16.6 

392.1 

7.8 

20.2 

1 

2.5 

15.6 

393.2 

7.8 

18.5 

1 

2.6 

14.4 

394.2 

16.9 

1 

2.7 

13.1 

395.2 

7.9 

1.5.2 

1 

2.8 

11.8 

396.2 

7.9 

13.7 

1 

2.9 

10.5 

.197.0 

12.2 

1 

3.0 

mm 

397.7 

7.9 

10.9 

3.1 

mm 

398.3 

7.9 

9.8 

1 

3.2 

6.7 

398.8 

8.9 

1 

3.3 

5.6 

399.2 

7.9 

8.1 

1 

3.4 

4.6 

399.5 

8.0 

7.5 

1 

3.6 

3.6 

399.7 

8.0 

7.0 

1 

3.6 

2.7 

399.9 

8.0 

6.8 

1 

3.7 

1.9 

400.0 

8.0 

6.7 

1 

3.S 

1.2 

400.0 

8.0 

6.9 

1 

CM  IN  llADAR  CONE  100.00  PERCENT 
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Table  4.  File  JCALC.OUT  Output,  90  Degree  Missile  Turn 


JRANGE 

0.0000 

0.0000 

0.0001 

0.0003 

0.0010 

0.0026 

0.0054 

0.0092 

0.0134 

0.0170 

0.0191 

0.0199 

0.0184 


JTHETA 
006 
053 
132 
228 
328 
420 
534 
669 
824 
996 
178 
361 
537 


JSPEED 
0 


Mil 
M 
SM 
>yi 


0.0154 

0.1695 

0.0004 

0.0109 

0.1824 

0.0004 

0.0060 

0.1917 

0.0017 

0.1970 

0.0006 

0.0000 

0.1982 

0.0006 

0.1960 

0.0006 

0.0176 

0.1918 

0.0005 

0.0292 

0.1805 

■TOM 

0.0348 

0.1641 

0.0003 

0.03*18 

0.1448 

0.0002 

0.0313 

0.1245 

0.0001 

0.1047 

0.0001 

0.0210 

0.0865 

0.0163 

0.0705 

liil 

0.0123 

■TOM 

0.0092 

0.0456 

0.0000 

0.0069 

0.0365 

0.0000 

0.0052 

0.0293 

0.0000 

■TOM 

0.0239 

■TOM 

0.0198 

0.0000 

0.0024 

0.0169 

0.0000 

0.0018 

0.0151 

0.0000 

0.0014 

0.0141 

0.0006 

0.0011 

0.0138 

0.0006 

0.0008 

0.0143 

0.0600 

(1.0005 

0.0155 

0.0002 

0.0086 

0.0000 

JBANK 

0.1038 

0.0683 

0.0419 

0.0229 

0.0100 

0.0025 

0.0000 

0.0024 

0.0097 

0.0220 

0.0397 

0.0630 

0.0921 

0.1269 

0.1669 

0.2106 

0.2558 

0.2990 

0.3357 


0.3434 

0.3119 

0.2740 
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the  cruise  missile  was  out  of  the  radar  system’s  coverage  area.  The  penalty  source 
information  in  this  graphical  form  will  clearly  benefit  the  analysis  of  the  optimization 
program. 


Figure  4.  Penalty  incurred  From  Range  Error,  90  D%ree  Mi^ile  IVrri 
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Figure  S.  Penalty  Incurred  Asimutb  Error*  90  Degree  MMte  Tbm 
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Figure  6.  Penalty  Incurred  From  Airspeed  Error,  90  Degree  Missile  Turn 


Figure  7.  Penalty  Incurred  FVom  Bank  Angle  Error,  90  Degree  Missile  Tdrn 
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where 


Vi  -  Uo 


1  2»/\3 


ft 


+  Vt/3 
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12.A'4 


(13) 


The  objective  function  penalty  value  J,-  at  each  discrete  time  point  becomes  greater 
than  zero  when  one  or  more  of  the  variables  of  the  functional  are  not  at  their  nominal 
values.  The  value  of  Jj  incurred  depends  on  the  difference  between  the  variable  and 
its  nominal  value. 

As  seen  in  Table  3,  most  of  the  total  J  value  for  the  90  degree  turn  example 
was  generated  from  the  bank  angle  and  azimuth  angle  components  of  the  objective 
functional,  whereas  the  penalty  imposed  by  the  range  component  was  one  order  of 
magnitude  smaller  and  the  penalty  imposed  by  the  airspeed  component  was  three 
orders  of  magnitude  smaller.  Therefore,  in  evaluating  the  optimal  CMMCA  flight 
path  for  the  90  degree  cruise  missile  turn,  the  most  important  components  as  seen 
by  the  program  were  the  bank  angle  and  azimuth  angle.  This  is  due  primarily  to 
the  differences  in  units  between  the  objective  functional  components.  Therefore,  the 
components  of  the  objective  functional  must  be  scaletl  with  re8|)ect  to  each  other,  so 
that  a  particular  range  error  produces  the  same  penalty  as  some  particular  azimuth 
angle  error,  airspeed  error,  and  bank  angle  error. 

Since  the  range  limits  of  the  CMMCA  are  5  to  15  nautical  miles  (nm)  and  the 
nominal  range  was  set  by  Carton  at  S  nm  from  the  CMMCA  to  the  cruise  nussile, 
a  penalty  of  (15  -  8)*  or  49  is  incurred  when  the  missile  is  at  the  outer  limit  of  the 
CM  MCA ’s  radar  cone,  and  a  penalty  of  {5  -  8)*  or  9  is  incurred  when  the  missile  is 
at  the  inner  radar  limit.  By  adjusting  the  nominal  range  value  to  10  nm,  the  same 
penalty  value  (25)  is  incurred  when  the  missile  is  at  either  the  inner  or  outer  limit  of 
the  radar  cone.  (The  nominal  range  from  the  CMMCA  to  the  cruise  missile  is  one 
of  the  variables  that  will  be  adjusted  during  the  experimenting  with  the  program.) 
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This  adjustment  provides  a  logical  basis  for  comparing  the  range  penalty  to  the  other 
penalties. 

Logically,  the  same  penalty  should  be  assigned  when  the  cruise  missile  is  at 
the  range  limit  as  when  the  missile  is  at  the  azimuth  limit  of  the  radar  cone.  The 
azimuth  limits  of  the  CMMCA’s  radar  cone  are  -60  to  60  degrees,  or  -1.047  to  1.047 
radians  since  the  program  performs  all  angL  computations  in  radians.  Therefore,  at 
the  azimuth  limits  of  the  radar,  the  penalty  imposed  is  (1.047  -  0)^  or  1.097.  This 
means  that  the  range  penalty  is  22.797  times  greater  at  the  radar  limits  than  the 
azimuth  penalty.  Therefore,  the  cizimuth  scaling  factor  required  to  equate  the  range 
and  azimuth  errors  is  Si  =  22.797. 

Similarly,  scaling  factors  can  Le  applied  to  the  airspeed  and  bank  angle  errors. 
The  nominal  airspeed  is  currently  400  KTAS,  or  because  the  program  calculates 
airspeed  in  nm/min,  6.667  nm/min.  The  airspeed  limitations  are  320  to  480  KTAS, 
or  5.333  to  8  nm/min.  Garton  previously  set  the  other  airspeed  constants  /i  and  A’s 
set  to  1.25  and  2  respectively,  and  at  these  settings  the  upper  (and  lower)  airspeed 
limit  imposed  a  penalty  of  ((8  -  6.667)/ 1.25)’’,  or  1.2945.  Therefore,  the  scaling 
factor  require<l  to  equate  the  radar  ruige  and  azimuth  limits  to  the  airspeed  limit  is 
S’i  =  19.312. 

The  CMMCA  bank  angle  limit  is  30  degrees,  or  0.524  radians.  With  the  current 
values  of  Ai  &nd  mi  and  0.524  and  1  respectively,  the  objective  functional  imposes 
a  |>enalty  of  1  when  the  bank  angle  is  at  its  30  degree  limit.  Therefore,  the  scaling 
factor  rerjuired  to  e<iuale  the  bank  angle  limit  to  the  range,  azimuth,  and  airs|)eed 
limits  is  S3  ~  25. 

With  all  these  scaling  factors  included,  the  fmal  form  of  the  objective  functional 
is  the  following: 

/l(’.5|  =  (14) 

ii>0 
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where 


Ji  =  [vi  -  7-o]^  +  22.7971^1  [6i  -  Oof  + 19.31214^2 
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This  final  form  of  the  objective  functional  became  the  starting  point  for  the 
analysis  performed  on  the  optimization  program.  With  all  necessary  program  mod¬ 
ifications  completed,  the  next  phase  of  the  research  was  analyzing  the  performance 
of  the  algorithm  and  attempting  to  adjust  the  objective  function  variables  to  achieve 
the  best  possible  performance  of  the  algorithm,  regardless  of  the  cruise  missile  ma¬ 
neuver  being  tracked. 


3.4  Ci'uise  Missile  Flight  Paths 

In  order  to  test  the  optimization  program’s  response  to  cruise  missile  maneuvers 
of  varying  lengths  and  complexity,  four  distinctly  different  cruise  missile  flight  paths 
were  constructed.  These  flight  paths  also  provided  a  basis  over  which  the  program 
could  be  run  in  order  to  test  for  improvements  in  the  algorithm.  These  improvements 
were  obtained  from  altering  the  variables  of  the  objective  functional  and  also  varying 
the  initial  CMMCA  flight  path.  The  four  initial  CMMCA  flight  paths,  and  the 
reasons  for  choosing  each  particular  path,  are  discussed  below. 

The  first  flight  path  was  a  180  degree  cruise  missile  turn.  This  was  the  first 
maneuver  for  which  Carton’s  program  previously  could  not  find  a  fea.sible  CMMCA 
flight  path  to  successfully  follow  the  missile.  This  was  the  simplest  maneuver  at¬ 
tempted,  because  any  improved  optimization  program  was  expc^cted  to  be  able  to 
replicate  Carton's  success  for  the  straight  cruise  missile  path  and  also  the  90  degree 
turn.  Previously,  the  program  could  achieve  about  38  percent  radar  coverage  for  a 
180  degree  turn.  Figure  S  shows  the  180  degree  cruise  missile  turn. 

The  second  flight  path  was  a  270  degree  cruise  missile  turn.  This  maneuver  was 
also  tested  by  Carton,  but  the  optimization  program  could  not  find  an  acceptable 
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CMMCA  flight  path  for  this  maneuver.  For  the  270  degree  turn,  the  program  previ¬ 
ously  achieved  approximately  58  percent  radar  coverage,  but  the  CMMCA  exceeded 
physical  limitations  over  about  10  percent  of  the  flight  path.  Figure  9  shows  the  270 
degree  cruise  missile  turn. 


Figure  9.  Flight  Path  Two,  270  Degree  Cruise  Missile  Turn 

The  third  flight  path  was  two  270  degree  turns.  This  flight  path  was  a  good  test 
of  the  program’s  capability  of  htmdling  multiple  maneuvers  at  one  time.  Garten’s 
program  had  never  been  tested  over  this  flight  path.  Figure  10  shows  the  two  270 
degree  cruise  missile  turns. 

The  flnal  flight  path  was  a  section  of  an  actual  cruise  missile  flight  path  that 
had  previously  been  flown  during  cruise  missile  flight  tests.  The  mission  planners 
were  not  able  to  And  an  ARIA  aircraft  (EC-135  predecessor  to  the  CMMCA)  flight 
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path  that  would  provide  100  percent  radar  coverage  without  greatly  exceeding  the 
structural  and  performance  limits  of  the  aircraft.  Ideally,  experimental  design  would 
have  improved  the  performance  of  the  optimization  algorithm  enough  to  produce  a 
CMMCA  flight  path  that  provided  100  percent  radar  coverage  while  being  within 
the  physical  limits  for  the  entire  flight  path  (if  possible),  but  a  more  realistic  goal 
was  to  be  able  to  find  the  maximum  radar  coverage  possible  over  this  flight  path. 
Figure  11  shows  the  portion  of  the  cruise  missile  flight  test  path  used  for  the  analysis. 

3.5  Initial  CMMCA  Starting  Paths 

The  optimization  program,  as  part  of  the  input  data,  requires  an  initial  flight 
path  in  order  to  ‘seed’  the  program  with  an  initial  solution.  When  Garton  first 
constructed  the  program,  the  initial  CMMCA  flight  path  was  a  path  flying  straight 
North  for  the  entire  time  duration  of  the  cruise  missile  maneuver.  Although  this 
initial  path  led  to  acceptable  results  for  many  cruise  missile  maneuvers,  it  did  not 
work  for  some  of  the  longer  maneuvers.  This  could  be  due  to  the  speculation  that 
the  surface  represented  by  the  objective  functional  is  not  convex,  and  could  possibly 
have  many  local  optima  (1).  Therefore,  a  logical  step  was  to  produce  an  alternate 
initial  CMMCA  flight  path  that  was  more  in  line  with  the  expected  result. 

The  alternate  initial  CMMCA  flight  path  used  for  this  research  was  the  same 
flight  path  that  the  cruise  missile  follows  through  the  maneuver,  except  that  the 
CMMCA  started  the  desired  nominal  distance  behind  the  missile.  A  FORTRAN 
program  was  written  that  computes  the  required  CMMCA  bank  angles  and  airspeeds 
for  following  the  cruise  missile  based  on  the  x  and  y  coordinates  of  the  missile  at 
each  time  point.  The  program  is  based  on  an  algorithm  derived  by  Baker  (1).  The 
FORTRAN  program  is  contained  in  Appendix  B. 

This  combination  of  the  two  initial  flight  paths  is  analogous  to  the  dual  simplex 
method  for  solving  linear  programming  problems.  Using  the  straight  initial  flight 
path  can  be  seen  as  starting  in  a  feasible  position  and  working  to  an  optimal  position, 
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whereas  starting  with  the  CMMCA  following  the  cruise  missile  can  be  interpreted 
as  the  dual  solution  of  starting  at  an  optimal  solution  and  working  to  a  feasible 
solution(12).  Both  the  straight  and  missile-following  initial  flight  paths  were  used  as 
starting  conditions  for  each  of  the  flight  paths  in  order  to  obtain  preliminary  results 
showing  the  improvements  to  the  algorithm. 

3.6  Preliminary  Results 

With  the  completion  of  the  code  which  calculates  an  initial  CMMCA  path 
following  the  cruise  missile,  and  the  construction  of  the  four  cruise  missile  flight 
paths,  the  next  step  was  running  each  of  the  four  flight  profiles  for  both  initial 
CMMCA  flight  paths.  These  preliminary  results  were  all  done  with  the  scaling 
factors  (which  equate  the  penalties  incurred  from  each  component  of  the  objective 
functional)  included  in  the  objective  functional  and  the  variable  weights  Wj,  Wj, 
and  W3  all  set  at  one. 

These  preliminary  results  were  obtained  for  two  reasons.  First,  they  were  done 
to  indicate  whether  of  not  adding  the  scaling  factors  and  starting  the  optimissation 
program  with  the  CMMCA  initially  trailing  the  cruise  missile  improved  upon  the 
results  Carton  obtained  form  his  researcli.  Second,  these  runs  provided  an  initial 
baseline  of  the  program’s  performance  for  comparison  against  the  results  of  further 
modifications  and  improvements  to  the  optimization  program. 

The  preliminary  results  achieved  100  percent  coverage  and  kept  the  CMMCA 
within  physical  limits  100  percent  of  the  time  for  three  of  the  four  flight  paths. 
These  results  indicated  a  significant  improvement  over  the  results  obtained  from  the 
optimization  program  prior  to  the  flight  paths  from  consideration  for  experimental 
design,  since  any  changes  to  the  weight  parameters  or  initial  CMMCA  flight  path 
could  only  reduce  the  amount  of  radar  coverage,  if  it  changed  at  all.  Table  5  indicates 
(with  an  X)  the  preliminary  runs  where  100  percent  radar  coverage  and  100  percent 
physical  restriction  was  achieved  without  performing  any  experimental  design. 
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Table  5.  Optimal  Covering  of  Flight  Paths  for  Preliminary  Runs 


Flight  Path 

Initial  CMMCA  Path 

Optimality  Achieved 

1 

X 

X 

2 

X 

X 

3 

Straight 

Trailing 

X 

4 

Straight 

Trailing 

X 

5.7  Experimental  Design 

From  trial  and  error  initial  experimentation  with  the  optimization  program, 
very  significant  changes  in  the  percent  of  time  the  cruise  missile  was  within  radar  cov¬ 
erage  and  the  percent  of  time  the  CMMCA  was  within  physical  limits  were  realized 
when  the  objective  functional  weights  and  nominal  values  were  altered.  Therefore 
an  attempt  was  made  to  find  the  settings  for  the  objective  functional  weights  and 
nominal  range  value  that  produce  optirnHl  CMMCA  flight  paths.  This  was  accom¬ 
plished  by  describing  the  percentage  of  radar  coverage  as  a  function  of  the  objective 
functional  weights  and  nominal  values,  and  then  finding  the  maximum  value  of  the 
radai'  coverage  function  by  adjusting  the  weights  and  nominal  values.  This  section 
describes  the  experimental  design  process. 

3.7.1  Experiment  Variables.  When  Carton  and  Baker  originally  designed  the 
objective  functional,  they  allowed  for  many  of  the  variables  to  be  altered  for  the 
purpose  of  ‘fine-tuning’  the  algorithm  (I).  These  variables  include  the  weights  for 
the  azimuth,  airspeed,  and  bank  angle  components  (Wt,  W},  and  W3),  the  nominal 
values  for  each  of  the  components  (ro,  Oq^  (/q,  and  j9b),  and  the  values  affecting  the 
shape  of  the  penalty  functions  for  the  airspeed  and  bank  angle  (p,  As,  and  A'4). 
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The  individual  weight  components  were  included  specifically  for  the  purpose 
of  altering  the  objective  functional  to  improve  the  performance  of  the  program. 
Therefore,  these  variables  were  altered  in  an  effort  to  optimize  the  performance  of 
the  program. 

The  nominal  values  for  the  azimuth  angle,  airspeed,  and  bank  angle  compo¬ 
nents  were  all  left  at  their  current  values  of  400  KTAS,  0  degrees,  and  0  degrees 
respectively  during  the  experimentation,  since  these  values  allow  for  the  greatest 
variation  in  the  azimuth  angle  and  physical  limitations  of  the  CMMCA  without  ex¬ 
ceeding  the  limits.  However,  the  nominal  value  for  range  was  experimented  with, 
since  a  greater  nominal  range  allows  for  more  total  azimuth  deviation  but  less  range 
deviation  and  vice-versa. 

The  shape  of  the  penalty  function  for  the  airspeed  and  bank  angle  components 
can  be  altered  by  changing  the  values  of  /i,  K3,  and  but  changing  the  values 
of  the  weights  associated  with  the  airspeed  and  bank  angle  can  have  much  more  of 
an  effect  on  the  overall  algorithm.  Therefore,  the  parameters  /r,  A3,  and  lU  were 
not  altered  to  improve  program  performairce,  since  changing  the  weights  and 
W3  associated  with  the  airspeed  and  bank  angle  produced  significant  changes  in  the 
performance  of  the  program. 

Therefore,  the  parameters  that  were  altered  in  order  to  improve  the  optimiza¬ 
tion  program  are  IV|,  1^2,  IV3,  and  r©. 

3.7.2  Design  Points.  The  only  consideration  for  how  many  runs  to  perform 
was  computer  time.  There  was  no  cost  associaterl  with  computer  use,  but  the  op¬ 
timization  program  did  take  a  considerable  amount  of  time  to  find  a  solution  for 
cruise  missile  maneuvers  of  considerable  length  (approximately  1  hour  for  two  270 
degree  turns  in  series,  running  for  150  progran)  iterations).  The  design  used  for  the 
experimental  process  was  a  2"  full  factorial  design  (where  »  is  the  number  of  experi¬ 
mental  variables),  whicli  means  that  for  eacli  flight  path,  2‘*  or  16  runs  were  initially 


made.  The  number  of  runs  made  over  each  flight  path  was  reduced  as  the  variables 
that  proved  to  be  insignificant  in  improving  the  performance  of  the  optimization 
algorithm  were  eliminated. 

The  initial  experimental  design  was  constructed  around  the  current  nominal 
weight  values,  which  were  all  initially  set  to  a  nominal  value  of  1.  In  order  to 
construct  an  orthogonal  design  around  the  current  weight  parameter  settings,  the 
weight  parameters  Vl^i,  Wj*  Wjj  were  set  at  0.5  and  1.5.  The  nominal  distance 
parameter  vq  was  set  at  8  and  10  nm.  Next,  performing  a  simple  linear  regression  on 
the  results  of  the  initial  design  indicated  the  direction  of  ste<'pest  ascent  along  the 
function  describing  the  percentage  of  radar  coverage.  The  steepest  ascent  direction 
indicated  the  changes  to  the  design  parameters  which  would  produce  the  highest 
percentage  of  radar  coverage  attainable  given  the  current  radar  coverage.  At  the 
point  of  the  highest  percentage  of  radar  coverage,  another  experimental  design  was 
conducted  and  another  steepest  ascent  direction  was  calculated.  This  process  was 
I'epeated  until  the  highest  possible  radar  coverage  for  the  flight  path  wm  achieved. 
This  method  is  commonly  used  to  And  the  optimal  values  of  respon.se  surfaces  for 
which  the  true  underlying  function  is  not  known.  The  results  of  the  ex|»ctiment8  and 
the  values  determined  as  optimal  are  presented  in  Chapter  4. 

3.8  Experimentation  with  Flight  Path  Four 

Flight  path  four  was  originally  constructed  for  the  purpose  of  applying  tlte 
techniques  which  improved  the  flrst  three  flight  profiles  to  a  much  longer  series 
of  cruise  missile  maneuvers.  It  was  also  constructed  to  check  the  |)erformance  of 
the  optimisation  program  over  a  cruise  missile  flight  path  for  which  a  CMMCA 
flight  path  achieving  100  percent  radar  coverage  of  the  missile  had  not  been  found. 
Therefore,  flight  path  four  was  an  excellent  candidate  as  an  experiment  s)  flight  path 
for  testing  the  results  of  techniques  used  to  increase  pro|p‘ani  perfornoance. 
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The  first  technique  applied  to  the  fourth  flight  profile  was  >ising  the  optimal 
weights  found  from  the  flight  path  three  experimental  design.  This  was  done  to 
determine  if  the  optimal  weighting  scheme  is  independent  of  the  cruise  missile  ma¬ 
neuver.  If  the  optimal  weights  are  truly  i.ndependent  of  the  missile’s  flight  path, 
then  the  optimal  variable  settings  obtained  for  flight  path  three  should  increase  the 
percentage  of  radar  coverage  for  flight  path  four  (with  f98I>ect  to  the  preliminary 
results).  The  optimal  objective  functional  variablt^  were  applied  to  flight  path  four 
for  both  initial  C'MMCA  flight  path  cases. 

The  second  technique  used  to  improve  the  program’s  iKs^formance  over  flight 
path  four  was  increasing  the  precision  of  the  optimization  piogram.  I'he  preliminary 
results  for  the  flight  paths  where  100  percent  radar  coverage  was  not  achicviHl  might 
have  experienced  less  than  optimal  oiverage  due  to  the  precision  of  the  calculations 
being  done  by  the  program.  The  objective  functional  optimizing  the  position  of  the 
CMMCA  relative  to  the  cruise  missile  is  a  function  of  the  airspeed  and  bank  angle  at 
each  discrete  time  point,  so  for  a  flight  profile  of  250  points  the  objective  functional 
is  a  function  of  500  variables.  Every  iteration  the  program  finds  the  gradient  of  the 
objective  functional  with  respect  to  each  of  the  variables,  and  therefore  this  may 
cause  some  reduction  in  the  precision  of  the  calculations,  which  may  ultimately  lead 
to  the  program  not  converging  on  an  optimal  CMMOA  flight 

Itnpletmnling  the  precision  increase  in  the  program  was  simply  a  matter  of 
changing  all  the  real  variables  and  data  arrays  in  tlie  program  to  double  precision 
real  variables  and  arrays.  The  increase  in  precision  caused  the  execttlion  time  of  tlm 
program  to  more  than  double,  and  iher^ore  only  two  runs  were  marie  for  the  double 
precision  runs  of  flight  path  four.  Btith  runs  were  made  using  the  same  weighting 
scheme  as  in  the  preliminary  runs,  and  these  weights  were  applied  to  flight  path  four 
with  the  CMMCA  starting  Initially  flying  stralglti  North  and  also  with  the  CMMCA 
initially  trailing  tire  cruise  missile.  The  results  of  these  runs  are  piesented  in  Chaj^tr 
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3.9  Segmentation  of  Flight  Path  Four 

The  final  attempt  made  at  increasing  the  radar  coverage  over  the  fourth  flight 
path  was  segmenting  the  flight  path  into  two  sections  of  nearly  equal  length.  This 
was  done  to  test  if  optimizing  the  two  sections  separately  and  then  combining  the 
resulting  flight  paths  provided  better  and  more  timely  results  over  the  entire  flight 
path  than  running  the  entire  path  at  once.  The  two  sections  of  flight  path  four  are 
shown  in  Figure  12  and  Figure  13. 

These  two  flight  paths  were  optimized  separately  using  both  the  preliminary 
weights  and  the  optimal  weights  derived  from  the  experimental  design,  and  using 
both  initial  CMMCA  flight  paths.  The  results  of  the  computer  runs,  and  the  com¬ 
bined  results  showing  the  performaiKe  over  the  entire  flight  path,  are  contained  in 
Chapter  4. 

3.10  Program  Convergence 

Throughout  the  construction  of  the  objective  functional  and  the  optimization 
program  there  was  concern  that  the  surface  described  by  the  objective  functional 
and  the  particular  flight  path  is  not  convex  and  therefore  does  not  have  a  unique 
optimal  solution  (1).  Thus,  the  program  may  converge  to  different  loi'al  optimal 
solutions  for  the  same  cruise  missile  flight  path,  based  in  the  initial  CMMCA  flight 
path  and  the  direction  of  approach  to  the  solution  (determined  by  the  weights  of  the 
components  of  the  objective  functional). 

Another  problem,  seen  in  the  output  of  the  preliminary  results,  was  that  the 
algorithm  did  not  always  reduce  the  penalty  value  after  each  iteration  of  the  program. 
This  was  seen  in  the  output  of  almost  all  of  the  program  runs,  where  the  J  value 
essentially  oscillated  between  an  upper  and  lower  bound  as  it  gradually  decreased,  or 
repeated  a  cyclic  pattern  as  it  slowly  converged  to  a  solution.  These  oscillatory  and 
cyclic  trends  were  observed  primarily  in  the  results  of  the  fourth  flight  profile,  and 
were  one  of  the  driving  factors  for  increasing  the  precision  of  the  program.  However, 
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as  seen  in  the  results  of  the  double  precision  runs  over  flight  path  four  (summarized 
in  Chapter  4  and  contained  in  Appendix  G),  increasing  the  precision  of  the  program 
caused  no  significant  change  in  the  performance  of  the  program. 

This  concern  prompted  the  researcher  to  include  the  necessary  computer  code 
to  record  the  overall  penalty  value  calculated  after  each  program  iteration.  The  out¬ 
put  file  JPLOT.OUT  contains  the  iteration  number  and  the  penalty  value  recorded 
for  each  iteration.  A  plot  of  this  data  will  indicate  if  the  program  is  converging 
toward  a  solution,  which  will  tell  if  a  different  gradient  seach  method  is  needed  for 
this  program  A  sample  plot  of  the  JPLOT  data,  using  the  90  degree  turn  example 
over  a  span  of  150  iterations,  is  shown  in  Figure  14. 
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Figure  14.  Plot  of  J  Value  Versus  Iterations,  90  Degree  Thru  Example 

In  order  to  test  the  convergence  of  the  algorithm  the  JPLOT.OUT  was  plotted 
for  each  of  the  flight  paths  using  both  the  straight  initial  CMMCA  flight  path  mtd 
the  alternate  initial  CMMCA  flight  path  trailing  the  cruise  missile.  These  plots  are 
inlcuded  In  Appendix  D,  as  part  of  the  preliminary  results  of  the  modified  algorithm, 
and  are  also  included  in  the  output  of  all  runs  for  which  the  results  were  presented. 
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3.11  Alternate  Gradient  Search  Method 


The  current  gradient  search  method  used  by  the  optimization  program  pro¬ 
duced  optimal  solutions  for  all  four  of  the  flight  paths  during  the  preliminary  runs 
where  the  CMMCA  initially  trailed  the  cruise  missile.  However,  as  was  mentioned  in 
the  previous  section,  the  plots  of  J  value  versus  iteration  number  for  the  preliminary 
runs  (shown  in  Appendix  D)  indicated  that  the  algorithm  did  not  always  improve 
the  solution  after  each  iteration.  In  fact,  cyclic  behavior  with  the  J  value  oscillating 
between  two  values  was  seen  in  several  of  the  J  value  plots. 

This  discovery  led  the  researcher  to  explore  the  possibility  of  changing  the  gra¬ 
dient  search  method  so  that  the  J  value  was  always  being  decreased  as  the  program 
worked  towards  an  optimal  solution.  The  alternate  method  used  in  this  research 
to  find  the  minimum  value  along  the  gradient  was  simply  evaluating  the  objective 
functional,  starting  at  the  current  position,  at  small  discrete  intervals  along  the  gra¬ 
dient  until  the  minimum  was  found.  Although  this  is  certainly  not  the  mast  elegant 
or  efficient  gradient  search  method,  it  does  guarantee  that  the  program  is  always 
converging  towards  a  solution.  This  new  gradient  search  procedure  was  not  intended 
to  immediately  replace  the  method  Garton  used  in  his  work;  it  was  implemented 
only  to  explore  the  possibilities  of  improving  the  efficiency  of  the  program. 

Figure  15  below  illustrates  the  difference  in  performance  that  can  possibly 
occur  between  the  two  different  gradient  search  methods.  Assuming  that  the  penalty 
surface  is  represented  by  the  solid  line  and  the  current  CMMCA  flight  proflle  has  the 
penalty  represented  by  point  1,  the  parabolic  projection  method  that  the  program 
currently  uses  would  calculate  the  penalty  at  points  2  and  3,  and  from  the  three 
points  would  decide  the  minimum  of  the  penalty  surface  along  the  gradient  to  be 
at  point  4,  when  the  actual  corresponding  penalty  value  would  be  at  point  5.  This 
would  cause  the  situation  where  attempting  to  minimize  along  the  gradient  actually 
increased  the  penalty  value,  in  contrast,  the  altern^  fradient  search  method  would 
calculate  the  penalty  at  small  increments  almig  the  gradient,  and  would  find  the 
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correct  minimum  along  the  gradient,  shown  by  point  6.  Since  the  next  gradient 
taken  by  the  alternate  search  method  would  start  at  a  lower  penalty  value,  it  is 
obvious  that  the  efficiency  would  be  greatly  increased. 


Figure  Id.  Comparison  of  Gradient  Search  Methods 


Implementing  the  new  gradient  search  method  was  extremely  simple.  Carton’s 
program  already  had  the  code  written  to  perform  all  of  the  steps  involved  in  the  new 
search  method;  some  sections  of  the  program  needed  only  minor  modifications  and 
a  few  sections  were  deleted.  The  alternate  program  seardi  method  first  cdculates 
the  pendty  associided  with  the  current  CMMCA  flight  path,  finds  the  gradient  of 
the  objective  functional  at  that  point  with  respect  to  the  airspeeds  and  bank  angles, 
and  then  calculates  the  penalty  value  id  discrete  pmnts  along  the  gradi«at  until  the 
minimum  penalty  value  is  found.  At  that  pdnt,  the  program  then  calculates  the 
next  gradient  and  incremonts  along  that  gradient  untU  the  minimum  is  again  found. 
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The  program  terminates  when  calculating  the  gradient  and  incrementing  along  the 
gradient  produces  no  reduction  in  the  penalty  value.  An  example  of  the  performance 
of  the  alternate  gradient  search  method  is  illustrated  in  Figure  16,  which  shows  the 
plot  of  J  value  versus  iteration  number  for  the  second  flight  profile  with  the  CM  MCA 
initially  flying  straight. 


Figure  16.  Plot  of  J  Value  Versus  Iterations,  Alternate  Gradient  Search 


The  alternate  gradient  seardt  method  was  run  for  each  of  the  four  flight  profdes 
using  both  initial  CMMCA  flight  paths.  The  results  of  these  runs  are  presented  in 
Chapter  4.  The  FORTRAN  code  for  the  program  with  the  new  gradient  search 
method  is  presented  in  Appendix  C. 

S.iB  AUenmie  Solution  Techniquea 

As  part  of  the  research  into  solving  the  cruise  missile  traking  problem,  pro> 
portional  navigation  was  investigated  as  a  possible  alternate  solution  technique  for 
solving  the  problem.  This  would  have  been  a  likely  solution  technique  had  the  current 
method  not  been  improved  signiflcantly  by  this  research.  However,  signifleant  im- 
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provement  was  seen  in  the  current  method  combining  simulation  and  control  theory, 
and  therefore  the  possibility  of  solving  the  problem  using  a  proportional  navigation 
solution  was  not  investigated. 

3.13  Summary 

This  chapter  presented  the  changes  made  to  Carton’s  optimization  program 
that  were  made  in  order  to  provide  a  better  analysis  of  what  the  program  was  really 
doing.  Following  that,  the  chapter  described  the  experimental  design  techniqes  to  be 
used  to  attempt  to  fine  tune  the  workings  of  tl.e  program.  This  included  adjusting  the 
weights  and  the  nominal  distance  and  also  starting  with  an  alternate  initial  CMMCA 
flight  path  in  order  to  converge  to  a  solution  closer  to  the  expected  solution.  The 
results  obtdned  through  this  methodology  are  presented  in  the  next  chapter. 
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IV.  Results 


4.1  Introduction 

This  chapter  presents  and  analyzes  the  results  obtained  from  the  modification 
of  Garton’s  optimization  program  and  all  steps  taken  towards  finding  a  solution  to 
the  cruise  missile  tracking  problem.  The  first  section  presents  the  preliminary  results 
obtained  from  running  all  four  cruise  missile  flight  paths,  and  the  improvements  re¬ 
alized  from  adding  the  scaling  factors  and  introducing  an  alternate  initial  CMMCA 
flight  path.  The  second  section  covers  the  results  obtained  from  the  experimental 
design  performed  to  improve  the  percentage  of  radar  coverage  by  adjusting  the  vari¬ 
ables  of  the  objective  functional.  The  next  sections  outline  the  results  achieved  from 
applying  different  weighting  schemes  and  changing  the  precision  of  the  program  cal¬ 
culations  for  the  fourth  flight  path,  and  also  the  results  obtained  from  segmenting 
flight  path  four  and  applying  different  weighting  schemes.  The  final  section  of  the 
chapter  presents  the  results  achieved  from  changing  the  gradient  search  method. 

4.2  Pnliminary  Results 

The  preliminary  results  were  obtained  for  all  four  of  the  cruise  missile  flight 
paths,  with  both  the  straight  and  trailing  initial  CMMCA  flight  paths.  The  weights 
Vl^i,  IV2,  and  W3  were  all  set  at  1  and  the  nominal  distance  ro  was  fixed  at  8  nm 
for  these  preliminary  runs.  For  all  flight  paths  the  program  was  run  for  150  iter¬ 
ations.  The  results  of  these  computer  runs  indicate  the  considerable  improvement 
over  Carton's  results  obtained  by  adding  the  scaling  factors  to  equate  the  objective 
functional  components,  and  from  starting  the  iterative  optimisation  process  with  the 
CMMCA  trailing  the  cruise  missile.  This  set  of  preliminary  results  also  provided  a 
baseline  for  beginning  the  experimental  design  process  to  maximize  the  percentage 
of  radar  coverage  and  the  percentage  of  the  flight  path  the  CMMCA  is  within  the 
physical  constraints.  This  maximization  was  accomplished  by  adjusting  the  objec- 
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tive  functional  weights  Wi,  W^,  and  W3  and  also  the  nominal  desired  distance  from 
the  CMMCA  to  the  cruise  missile  Tq.  The  preliminary  results  obtained  from  the 
program  are  outlined  in  Table  6,  and  the  rest  of  the  computer  output  is  contained 
in  Appendix  C. 


Table  6.  Preliminary  Results  of  Optimization  Program 


Flight  Path 

Init  Path 

JSTOP 

Radar 

Phy.sical 

1 

Straight 

447.30 

100 

100 

Trailing 

455.93 

100 

100 

2 

Straight 

249.84 

100 

100 

Trailing 

250.39 

100 

100 

3 

Straight 

1217.04 

74.15 

94.56 

Trailing 

926.90 

100 

100 

4 

Straight 

76391.24 

37.41 

100 

IVailing 

124108.0 

64.68 

97.90 

During  the  analysis  of  the  output  data  from  the  preliminary  runs,  a  significant 
problem  was  seen  in  the  files  RESULTS.OUT  obtained  for  the  preliminary  runs 
over  the  fourth  flight  path.  The  output  data  for  both  of  these  runs  is  contained  in 
Appendix  D.  Specifically,  the  variable  Oi  describing  the  azimuth  angle  from  the  nose 
of  the  aircraft  to  the  cruise  missile  must  be  a  value  between  -180  and  180  degrees  for 
the  program  to  properly  minimize  the  penalty  value.  However,  values  for  6i  of  over 
270  degrees  were  seen  for  both  runs  over  flight  path  four.  This  problem  not  only 
rause<i  the  program  to  calculate  the  wrong  gradient  for  the  minimization  process, 
but  also  allowed  for  potentially  miscalculating  the  amount  of  radar  coverage  over  the 
flight  profile. 

In  order  to  correct  this  problem,  a  section  of  FORTRAN  code  was  added  to 
the  program  to  ensure  the  azimuth  angle  between  the  CMMCA  mid  the  missile  is 
never  less  than  -180  degrees  and  never  more  than  180  degrees.  After  the  code  was 
added,  the  profpram  was  agiun  run  fcN-  all  eight  preliminary  runs.  No  cliange  in  any 
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of  the  preliminary  results  was  seen  for  the  first  three  flight  paths,  but  a  remarkable 
increase  in  the  radar  coverage  was  seen  for  the  fourth  flight  path.  For  the  fourth 
flight  path  with  the  CMMCA  initially  flying  straight,  the  radar  coverage  increased 
from  37.41  percent  to  46.15  percent,  and  with  the  CMMCA  initially  trailing  the 
missile  the  coverage  increased  from  64.68  percent  to  100  percent.  The  preliminary 
results  for  the  fourth  flight  path  using  the  corrected  algorithm  are  shown  in  Table  7. 

Table  7.  Corrected  Flight  Path  Four  Preliminary  Results 


Init  Path 

JSTOP 

Radar 

Physical 

Straight 

Trailing 

25975.84 

6112.03 

100 

97.03 

Prior  to  this  research  effort,  the  optimization  program  achieved  only  34.3  per¬ 
cent  radar  coverage  for  the  180  degree  turn  and  58.7  percent  radar  coverage  for  the 
270  degree  turn.  The  preliminary  runs  achieverl  100  percent  radar  coverage  for  both 
of  these  cruise  missile  maneuvers,  and  kepi  the  CMMCA  within  the  physical  limi¬ 
tations  100  percent  of  the  time  for  both  flight  paths.  100  percent  coverage  was  also 
achieved  for  the  2-270  degree  cruise  missile  turns  when  the  initial  CMMCA  flight 
path  was  trailing  the  missile.  Therefore,  signifleant  improvements  in  the  algorithm 
were  seen  from  the  addition  of  the  scaling  factors  to  the  objective  functional,  and 
even  further  improvement  was  seen  when  the  initial  CMMCA  flight  path  was  changed 
from  a  straight  flight  path  to  a  flight  path  trailing  the  missile. 

4.3  Optimization  of  Objective  [•'unctional  Variables 

As  was  mentioned  previously,  an  experimental  design  was  performed  on  the 
optimization  program  in  an  attempt  to  maximize  the  percentage  of  radar  coverage 
by  adjusting  the  variables  ro,  fVt,  IV3,  and  W^,  The  flight  path  used  for  this  set 
of  experiments  was  flight  path  number  three  (double  270  degree  turn),  with  the 
CMMCA  initially  flying  a  straight  p<U.h.  This  was  the  only  flight  profile  used  for  the 
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experimental  design.  100  percent  radar  coverage  was  already  achieved  for  flight  paths 
one  and  two  from  the  preliminary  runs,  so  no  improvement  could  be  gained  from 
experimentation  with  these  flight  profiles.  Flight  path  four  was  not  used  due  to  its 
extreme  length  and  the  amount  of  computer  time  required  to  generate  each  solution 
(approximately  three  VAX  model  6420  CPU  hours  for  150  program  iterations),  but 
the  optimal  weighting  scheme  derived  from  the  experimental  design  was  applied  to 
flight  path  four  in  an  attempt  to  determine  if  the  optimal  weights  are  independent 
of  the  cruise  missile  maneuver  and  the  initial  CMMCA  flight  path. 

The  first  stage  of  the  weight  optimization  process  was  building  a  set  of  experi¬ 
mental  design  points  around  the  current  weight  values  and  the  two  nominal  distances 
that  were  initially  used  for  running  the  program.  Table  8  shows  the  first  set  of  design 
points  and  the  final  J  value,  percentage  of  radar  coverage,  and  the  physical  limit 
percentage  obtained  from  each  of  the  design  points. 


Table  8.  First  Set  of  Experimental  Design  Points 


JSTOP 


IV3 

.5 

.5 

,5 

.5 

.5 

1.5 

.5 

1.5 

1.5 

.5 

1.5 

.5 

1.5 

1.5 

1.5 

1.5 

.5 

.5 

.5 

.5 

.5 

1,5 

.5 

1.5 

i.5 

.5 

1.5 

.5 

1.5 

1.5 

1.5 

1.5 

2152.46 
1374.51 
1171.81 
1374.38 
17 
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RADAR 

STRUCT 

65.31 

100 

65.31 

100 

65.31 

100 

65.31 

100 

66.67 

100 

65.99 

100 

66.67 

100 

65.99 

100 

63.26 

100 

65.31 

100 

j  63.26 

100 

1  65.31 

100 

66.67 

100 

66.67 

100 

66.67 

100 

66.67 

100 

A  significant  observation  here  is  that  the  radar  coverage  achieved  for  each  of 
the  design  points  was  about  10  percent  lower  than  the  radar  coverage  achieved  over 
the  same  flight  profile  during  the  preliminary  runs.  This  is  due  to  the  fact  that  the 
preliminary  runs  were  stopped  after  150  program  iterations,  and  the  exprimental 
design  points  were  run  for  only  50  iterations. 

The  decision  was  made  to  run  the  experimental  design  points  for  only  50  itera¬ 
tions,  because  the  plot  of  overall  J  value  versus  iteration  number  for  the  preliminary 
run  of  flight  path  three  indicated  that  over  99  percent  of  the  J  value  reduction  oc¬ 
curred  within  the  first  50  iterations.  The  slight  decrease  in  the  overall  J  value  over 
the  last  100  iterations  for  the  preliminary  run  over  flight  path  three  produced  a  slight 
improvement  in  the  precentage  of  radar  coverage,  but  this  increase  was  accompa¬ 
nied  by  a  reduction  in  the  percentage  of  time  the  CMMCA  was  within  its  physical 
construnts. 

The  results  of  the  first  set  of  experimental  runs  indicated  that  some  improve¬ 
ment  in  the  percentage  of  coverage  was  possible  when  the  parameter  values  were 
altered.  A  simple  lineai'  regression  was  performerl  on  the  data  from  thv^  first  set  of 
experimental  runs,  and  the  following  equation  describing  the  percentage  of  radar 
coverage  with  respect  to  the  design  variables  was  derived: 

RADAR  =  f.5  145  -  O.lTl  « -t  1.703  *Wx+  0.343  *  (10) 

This  equation  indicalps  Lh.’it  the  variable  VIT  had  absotmely  noefiecl  on  the  per¬ 
centage  of  radar  co\erage,  while  an  increase  in  radar  coveiagt'  can  be  achieved  by  a 
decrease  in  nominal  distance  and  ait  increase  in  the  variables  and 

The  next  step  In  the  experiment  process  was  to  find  the  gradient  of  the  regres¬ 
sion  equation,  whtcii  is  simply  the  coefficient  of  each  of  the  variables  in  the  etiuation. 
The  gradient  indicates  the  direction  gremesl  increase  in  the  percentage  of  radar 
coverage,  t^le  9  shows  the  design  points  taken  along  the  path  of  the  gradient.  The 
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value  for  Wt  was  incremented  in  steps  of  one,  tUid  Tq  and  W3  were  incremented  in 
steps  of  -0.1  and  0.201  respectively. 


Table  9.  First  Gradient  Search  Points 


Co 

W, 

W2 

W3 

JSTOP 

RADAR 

STRUCT 

8.9 

H 

1 

1.201 

2433.19 

65.31 

100 

8.8 

Q 

1 

1.402 

3516.14 

67.35 

100 

8.7 

H 

1 

1.603 

4.551.97 

68.03 

100 

8.6 

D 

1 

1.804 

5640.45 

67.:J5 

100 

The  maximum  radar  coverage  attained  in  the  first  gradient  search  was  68.03 
percent.  Therefore,  the  next  experimental  design  was  constructed  around  the  point 
at  which  the  maximum  coverage  occurred.  The  second  set  of  design  points,  and  the 
results  obtained  at  those  points,  are  found  in  'I'able  10. 


Table  10.  Second  Set  of  Experimental  D^ign  Points 


llo 

m 

■sai 

mmM 

RADAR 

STRUCT 

IB 

1 

IMI 

67.15 

100 

1 

1362.11 

100 

m 

m 

D 

1.101 

.5819.01 

100 

7.7 

i.5 

11 

2.101 

5510.46 

67.15 

100 

9.7 

.1.5 

n 

1. 101 

3719.16 

66.67 

too 

IS 

1.5 

II 

2.101 

1480.42 

66.67 

100 

9.7 

4.5 

1 

1.101 

4784.24 

67.15 

100 

9.7 

4.3 

2.103 

4429..50 

66.67 

too 

Again,  this  second  set  of  design  points  indicated  some  varialu  n  in  the  p^oiiit* 
age  of  radar  coverage,  but  no  coverage  over  68.03  percent  was  srt  u.  A  simple  linear 
regression  was  performed  on  the  data  from  the  second  set  cd  experimrmial  design 
runs,  and  the  following  equation  was  derived. 

RADAR  a  70.555  - 0.425  +  0.170  •  VP,  - 0.170 ♦  (17) 


Table  11  shows  the  design  points  that  were  run  along  the  second  gradient.  The 
value  for  tq  was  incremented  in  steps  of  -0.5  and  Wi  and  ITa  were  incremented  in 
steps  of  0.2  and  -0.2  respectively. 


Table  11.  Second  Gradient  Search  Points 


ro 

Wi 

IT2 

11^3 

JSTOP 

RADAR 

STRUCT 

8.2 

4.2 

1 

n 

5097.73 

67.35 

100 

7.7 

4.4 

1 

n 

5365.18 

67.35 

100 

7.2 

4.6 

1 

1.003 

5839.38 

67.35 

100 

6.7 

4.8 

1 

0.803 

6214.75 

68.03 

100 

6.2 

5.0 

1 

0.603 

7584.15 

67.35 

100 

No  percentage  of  radar  coverage  over  68.03  percent  was  seen  in  the  final  gradi¬ 
ent  search.  In  fact,  no  improvement  in  the  percentage  of  radar  coverage  was  gained 
over  the  center  point  of  the  second  set  of  experimental  design  points.  Also,  the 
variation  from  the  lowest  to  the  highest  percentage  of  radar  coverage  over  all  33 
experimental  runs  was  less  than  five  percentage  points.  This  information  tends  to 
indicate  that,  while  scaling  the  weight  parameters  provided  significant  improvement 
in  the  performance  of  the  program,  any  further  experimentation  with  the  parameters 
provided  only  modest  gains  in  the  performance. 

Also,  the  set  of  weight  parameters  proving  the  highest  precentage  of  radar 
coverage  was  not  unique.  Several  different  weighting  schemes  achieved  the  maximum 
observed  coverage  of  68.03  percent.  Therefore,  the  set  of  parameters  referred  to  as 
the  optimal  parameters  for  flight  path  three  are  the  first  parameters  to  achieve 
the  highest  observed  radar  coverage,  which  are  vq  =  8.7,  Wx  =  4,  =  1,  and 

W3  =  1.603. 


4-4  Experimentation  with  Flight  Path  Four 

The  preliminary  results  obtained  for  the  fourth  experimental  flight  profile  in¬ 
dicated  much  improvement  in  the  percentage  of  radar  coverage  was  possible  for  this 
flight  path  when  the  CMMCA  initial  flight  path  was  straight.  The  preliminary  run 
with  the  CMMCA  initially  flying  a  straight  path  achieved  only  46.15  percent  radar 
coverage.  Therefore,  three  different  methods  for  improving  the  program’s  perfor¬ 
mance  over  flight  path  four  were  attempted.  The  methods  were  also  applied  to  flight 
path  four  with  the  CMMCA  initially  trailing  the  missile  to  ensure  that  the  methods 
did  not  increase  the  coverage  using  one  initial  CMMCA  flight  path  and  decrease  the 
coverage  for  the  other  initial  CMMCA  flight  path. 

4.4 -I  Applying  Optimum  Weights.  The  first  attempt  at  increasing  the  radai’ 
coverage  for  this  flight  path  was  applying  to  this  flight  profile  the  ‘optimum’  weights 
and  nominal  distance  obtained  from  the  experimental  design  for  flight  path  three. 
This  was  done  to  provide  information  on  whether  the  optimum  objective  functional 
weights  and  other  parameters  are  the  same  for  each  flight  profile  and  CMMCA  Initial 
condition,  or  if  the  optimum  weights  are  dependent  on  the  particular  flight  profile. 
Table  12  shows  the  results  of  applying  the  optimum  weights  to  (light  path  four. 

Table  12.  Flight  Path  Four  Results  with  Optimum  Weights 


Init  Path 

RADAR 

STRUCT 

16538.13  1 
62032.16  i 

33.85 

100 

100 

97.90 

The  results  from  applying  the  optimum  weights  to  flight  path  four  caused  a 
fairly  substantia]  increase  in  the  percentage  of  radai  coverage  with  resp«H*t  to  the 
preliminary  results  for  the  strmght  initial  CMMCA  flight  path,  and  caused  no  reduc¬ 
tion  in  the  coverage  for  the  trailing  initial  CMMCA  flight  path.  These  r«.<sults  tend  to 
conffi.  i  the  hypothesis  that  the  optimum  weight  variables  and  nominal  dist^ance  are 
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most  likely  independent  of  the  cruise  missile  flight  path  and  initial  CMMCA  starting 
position,  but  much  more  experimentation  over  several  different  flight  profiles  using 
both  initial  CMMCA  flight  paths  is  required  to  truly  test  this  hypothesis. 

4.4-S  Double  Precision  Calculations.  The  next  attempt  at  improving  the  per¬ 
formance  over  flight  path  four  was  increasing  the  precision  of  the  calculations  involved 
in  the  optimization  process.  This  was  accomplished  by  changing  all  the  real  variables 
in  the  FORTRAN  program  code  to  double  precision  variables  and  changing  all  the 
single  precision  functions  to  double  precision  functions.  Due  to  the  extreme  amount 
of  computer  time  required  to  run  flight  path  four  using  double  precision  calculations 
(approximately  7  hours  of  VAX  model  6420  CPU  time  was  used  for  each  run  of  150 
program  iterations),  flight  path  four  was  run  only  for  the  preliminary  weights  with 
the  CMMCA  starting  both  straight  and  trailing  the  missile.  The  results  of  changing 
the  variables  form  real  to  double  precision  are  presented  in  Table  13. 


Table  13.  Flight  Path  Four  Results  with  Double  Precision  Variables 


Double  Precision 

Single  Precision 

Init  Path 

JSTOP 

RADAR 

STRUCT 

1  JSTOP 

RADAR 

STRUtrr 

Straight 

Trailing 

25SS4.2 

5244.6 

46.15 

100 

100 

08.25 

25975.8 

6112.0 

46.15 

100 

100 

07..30 

The  results  from  running  the  program  using  double  precision  variables  indi¬ 
cated  no  change  in  the  imrcenl  of  radar  coverage  with  respect  to  the  single  precision 
calculations,  hbr  both  initial  CMMCA  cases  there  was  no  significant  change  in  the 
percentage  of  the  flight  path  that  the  CMMCA  was  within  its  physical  constraints 
from  the  standard  single  precision  calculation  runs.  This  indicates  that  the  conver¬ 
gence  problem  discussed  in  Chapter  3  is  most  likely  not  due  to  the  precision  of  the 
prograjti’s  calculations,  but  due  to  the  method  with  which  the  program  searches  for 

a 

an  optimum  solution. 


4-5  Segmenting  Flight  Path  Four 


The  third,  and  most  successful,  attempt  at  increasing  the  percentage  of  radar 
coverage  over  flight  path  four  was  segmenting  the  flight  path  into  the  two  sections 
shown  in  Chapter  3,  and  the  running  the  program  over  each  of  these  sections  sep¬ 
arately.  Each  of  the  two  sections  of  flight  path  four  was  run  using  the  preliminary 
weights  and  the  optimum  weights  obtained  for  flight  path  three,  and  with  both 
the  straight  and  trailing  intial  CMMCA  flight  paths.  The  results  of  these  runs  are 
presented  in  Table  14. 


Table  14.  Results  From  Segmentation  of  Flight  Path  Four 


Path 

Init  Path 

Weights 

JSTOP 

RADAR 

STRUCT 

4A 

Straight 

Prelim 

5741.87 

100 

4A 

Straight 

Optimum 

6857.87 

100 

4A 

Trailing 

Prelim 

.3026.58 

100 

98.19 

4A 

Trailing 

Optimum 

8264.82 

100 

98.19 

4B 

Straight 

Prelim 

2529.67 

96.18 

100 

4B 

Straight 

Optimum 

6655.61 

100 

4B 

Trailing 

Prelim 

1654.60 

100 

4B 

Trailing 

Optimum 

7064.66 

100 

I'he  i^uits  from  the  two  sections  must  be  combined  in  order  to  crdcukte  the 
true  coverage  over  the  entire  flight  profile.  Flight  path  four  consisted  of  286  discrete 
points,  whereas  the  first  section  had  166  and  the  second  section  had  131,  for  a  total 
of  297.  The  overlap  of  1 1  |>oints  is  due  to  the  fact  that  the  program  requires  the 
missile  and  the  CMMCA  flying  straight  North  for  at  least  the  length  of  the  offset 
between  the  two.  Since  100  percent  coverage  was  always  achieved  for  the  first  11 
points  of  the  second  section,  these  points  were  discounted  from  the  results  of  the 
second  section. 

After  calculating  the  percentages  of  the  overall  length  of  flight  p^h  four  that 
are  contained  by  each  section,  and  recalculating  the  percentages  of  radar  coverage 
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and  physical  limitation  achieved  over  the  second  section,  the  results  presented  in 
Table  15  were  obtained  for  flight  path  four,  as  the  overall  results  of  the  combined 
sections. 


Table  15.  Results  From  Segmentation  of  Flight  Path  Four 


Init  Path 

Weights 

RADAR 

STRUCT 

Straight 

Prelim 

93.71 

100 

Straight 

Optimum 

97.55 

100 

Trailing 

Prelim 

100 

97.67 

Trailing 

Optimum 

100 

97.G7 

The  results  of  segmenting  the  fourth  flight  path  into  two  sections  and  then 
obtaining  an  overall  performance  gave  extremely  encouraging  results.  No  signifleant 
changes  were  seen  for  the  two  runs  made  with  the  CMMCA  initially  trailing  the 
missile,  but  great  improvements  were  made  in  the  results  with  the  CMMCA  initially 
flying  straight.  Once  again,  the  results  with  the  CMMCA  initially  flying  straight 
using  the  optimum  weiguts  provided  better  radar  coverage  than  using  the  preliminary 
weights.  This  lend-  .oore  evidence  that  the  optimal  weights  may  be  independent 
of  the  flight  profle,  but  much  more  extrerimentation  is  required  in  orrler  to  prove 
independence.  Also,  running  both  sections  of  the  flight  path  for  150  iterations  took 
a  total  of  ap|.roximately  50  minutes  of  CPU  time,  compared  to  three  hours  to  run 
150  iteiat.ons  over  the  entire  flight  profile. 

The  results  of  running  the  two  sections  separately  indicate  that  there  should 
probably  be  a  restriction  on  the  length  of  the  flight  path  being  run,  due  to  both 
the  improvement  in  the  results  when  the  two  sections  of  the  CMMCA  flight  path 
were  optimised  se|)arately  and  the  decrease  in  the  time  required  to  optimise  the  two 
segments  separately. 
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4.C  Program  Convergence  Results 


This  section  discusses  the  penalty  value  convergence  observed  for  each  section 
of  the  program  analysis  and  modification.  The  ph>tb  of  the  J  value  versus  iteration 
number  are  contained  in  the  appendices  of  the  results  for  each  section. 

4.6.1  Preliminary  Runs.  The  preliminary  results  for  the  first  three  flight 
paths  show  that  the  optimization  program  always  converged  towards  a  minimum 
J  value,  regardless  of  the  initial  CMMCA  flight  path.  However,  in  every  case  the 
plot  of  the  J  vahie  versus  the  iteration  number  indicates  an  oscillation  in  the  J  value 
as  it  decreases.  It  appeals  that  the  program  is  missing  the  minimum  value  along  the 
gradient,  and  is  tending  to  skip  back  and  forth  about  the  true  optimum  value. 

The  solutions  for  the  two  preliminary  runs  for  flight  path  three  both  converged, 
but  to  different  optimal  solutions.  This  confirmed  the  hypothesis  that  the  optimal 
CMMCA  flight  path  found  by  the  algorithm  depends  on  both  the  particular  cruise 
missile  maneuver  and  the  initial  CMMCA  flight  path.  This  is  most  likely  due  to 
the  fact  that  the  surface  described  by  the  objective  functional  and  the  cruise  missile 
flight  path  is  not  convex,  and  therefore  has  many  local  minimal  1 ).  I'hus,  the  optimal 
solution  chosen  by  the  algorithm  for  most  cruise  missile  maneuvers  will  depend  on 
the  starting  flight  path  of  the  CMMCA. 

The  fourth  flight  path  with  the  CMMCA  initially  flying  straight  showed  conver¬ 
gence  towards  a  solution,  but  the  percentage  of  radar  coverage  that  was  ultimately 
acltieved  by  this  run  was  far  below  the  percentages  achievetl  over  the  other  three 
flight  profiles.  The  fourth  flight  t>ath  with  the  CMMCA  initially  trailing  the  missile 
started  at  a  much  lower  J  value,  but  the  plot  of  the  penaly  versus  iteration  number 
indicated  the  cyclic  behavior  discussed  earlier.  This  indicates  that  the  program  was 
converging  towards  a  solution,  but  not  in  an  eflicient  manner,  i'he  program  did  ulti¬ 
mately  achieve  100  precent  radar*  coverage  for  this  flight  path,  but  regardless  the 
100  per<%nt  coverage  the  penalty  value  could  still  have  been  reduced  substantially. 
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4-6.2  Experimental  Design.  Over  all  of  the  design  points  of  flight  path  three 
that  were  run  for  the  purpose  of  optimizing  the  weight  values,  the  same  pattern  in  the 
plot  of  J  value  versus  iteration  number  was  observed.  All  these  experimental  runs 
were  converging  to  basically  the  same  flight  path  with  only  small  differences  between 
them,  and  thus  the  plots  of  J  value  versus  iteration  number  were  just  shifted  by  a 
factor  dependent  on  the  values  of  the  objective  functional  weights  and  the  nominal 
distance.  For  every  design  point  that  was  run,  the  J  value  exhibited  a  decreasing 
trend,  indicating  convergence  toward  an  optimal  solution. 

4.6.3  Flight  Path  Four  Results.  The  experimentation  with  flight  path  four 
caused  no  improvement  when  the  optimal  weights  for  flight  path  three  were  used 
and  when  the  program  was  changetl  to  double  precision.  No  significant  difference 
was  seen  in  the  secpiential  plots  of  the  J  value  either.  These  plots  appear  to  display 
the  same  cyclic  behavior  as  the  plots  for  the  preliminary  runs.  Therefore,  applying 
the  optimal  flight  path  three  weights  and  changing  the  precision  of  the  progran)  had 
no  effect  on  reducing  the  J  value  or  causing  the  progran)  to  converge. 

For  the  first  section  of  the  fourth  flight  path,  the  J  value  for  each  of  the 
runs  displayetl  some  convergence  toward  an  optimal  solution,  but  the  J  value  versus 
iteration  displayetl  some  cyclical  effects.  For  the  second  section  of  the  fourth  flight 
path,  the  results  of  the  J  value  versus  iteration  were  generally  not  as  promising. 
Running  the  second  section  using  the  preliminary  weights  and  the  straight  initital 
CMMC^A  flight  path  was  the  only  case  where  the  J  value  did  not  exhibit  extremely 
targe  deviations  front  a  com'erging  pattern. 

4.6.4  Segmenting  Flight  Path  Four.  As  was  seen  earlier,  segmenting  the 
fourth  flight  path  and  then  combining  the  results  gave  solutions  with  much  bet> 
ter  radar  coverage  of  the  missile.  The  plots  of  J  value  versus  iteration  Indicated 
some  improvement  in  the  convergence  of  the  algorithm  for  the  sepmate  sections  of 
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the  fourth  flight  profile,  but  some  of  the  results  still  displayed  the  random  noise  that 
was  seen  for  the  preliminary  results. 


.^.7  Alternate  Gradient  Search  Results 

As  was  mentioned  in  Chapter  3,  the  preliminary  weights  were  run  over  the 
eight  different  flight  path  conditions  (four  cruise  missile  flight  paths  and  two  initial 
CMMCA  flight  paths)  using  the  alternate  gradient  search  method.  The  goal  was  to 
attain  comparable  results  to  the  first  set  of  preliminary  runs  while  achieving  these 
results  more  efficiently.  The  results  of  these  alternate  preliminary  runs  using  the 
alternate  gradient  search  method  are  presented  in  Table  16. 


Table  16.  Preliminary  Results,  Alternate  Gradient  Search 


Path 

Init  Path 

JSTOP 

Radar 

Iter 

1 

617.12 

100 

100 

■1 

479.67 

100 

100 

li 

2 

100 

100 

Hi 

B9SI 

349.57 

100 

100 

H 

3 

Straight 

2042.55 

63.94 

100 

20 

'IVailing 

949.22 

100 

100 

10 

4 

Straight 

34766.05 

19.58 

100 

20 

Trailing 

10356.30 

100 

97.90 

10 

The  alternate  gradient  search  nrethod  was  able  to  replicate  the  results  of  the 
runs  where  the  original  gradient  search  method  achieved  100  percent  radar  coverage, 
and  the  63.04  percent  coverage  for  flight  path  three  with  the  CMMCA  initially  flying 
straight  came  close  to  the  74.15  percent  originally  achieved.  The  only  real  falling  was 
flight  path  four,  where  only  10.58  percent  merage  was  achieved  with  the  CMMCA 
initially  flying  straight,  but  the  percentage  of  coverage  over  this  flight  path  could 
most  likely  have  been  improved  by  increasing  the  number  of  iterations  performed. 
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The  most  significant  difference  between  the  alternate  gradient  search  method 
and  the  original  method  was  the  time  involved  in  calculating  the  solutions.  The  time 
savings  was  most  apparent  for  runs  using  the  third  and  fourth  flight  profile.  The  runs 
over  flight  path  three  took  approximately  10  CPU  minutes  for  the  straight  initial 
CMMCA  flight  path  and  5  CPU  minutes  for  the  trailing  initial  CMMCA  flight  path. 
The  runs  over  flight  path  four  took  45  minutes  for  the  straight  initial  CMMCA  flight 
path  and  22  minutes  for  the  trailing  initial  CMMCA  flight  path.  These  performances 
aie  significantly  better  than  the  original  gradient  seaixh  method,  where  150  program 
iterations  consumed  I  hour  of  CPU  time  for  flight  path  three  and  3  hours  of  CPU 
time  for  flight  path  four. 

The  factor  that  drives  the  time  involved  in  finding  a  solution  is  the  number  of 
gradients  that  the  program  calculates  on  the  way  to  finding  the  solution.  Evaluating 
the  penalty  and  the  associated  CMMCA  flight  path  at  a  given  point  on  the  gradi¬ 
ent  takes  approximately  one  percent  cf  the  time  required  to  calculate  the  gradient. 
By  minimizing  the  penalty  value  along  each  gradient  before  calculating  the  pext  di¬ 
rection  for  minimization,  the  program  requires  much  fewer  gradient  calculations  in 
order  to  converge  to  the  same  solution. 

The  alternate  gradient  search  method  was  developed  t<o  explore  the  possibility 
of  intproving  the  efficiency  of  the  program  by  changing  the  way  the  program  .searches 
for  the  minimum  penalty  value.  TIte  alternate  gradient  search  method  simply  shows 
that  the  program  is  capable  of  running  much  more  efficieirtly  than  it  currently  does, 
without  sacrificing  any  accuracy. 

4.S  Summary  o/  BmitU  ;  ^ 

The  results  of  the  ruiu  over  ail  of  the  Bight  pat  Its  for  several  weighling  schemes 
provide  much  information  on  the  current  capabilities  and  limitations  of  the  optimiM- 
lion  program.  The  insight  gained  fiont  the  research  done  and  some  questions  and 
directions  for  further  research  are  discussed  in  the  next  chapter. 
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V.  Conclusions  and  Recommendations 


5.1  Introduction 

This  chapter  discusses  the  conclusions  of  the  research  and  addresses  any  rec¬ 
ommendations  for  future  research  and  improvements  to  the  optimization  program. 

5.2  Conclusions 

The  concept  of  minimizing  the  penalty  for  position  error  relative  to  the  cruise 
missile  definitely  shows  promise  as  a  niethod  for  solving  the  cruise  missile  tracking 
problem,  but  the  results  initially  achieved  by  Carton  in  his  research  indicated  much 
room  for  improvement.  Adding  the  scaling  factors  to  equate  the  weights  of  the  ob¬ 
jective  functional  caused  signihcant  improvement  in  the  performance  of  the  program. 
Changing  the  initio  OMMCA  flight  path,  so  that  the  CMMOA  starts  the  optimiza¬ 
tion  process  trailing  the  missile,  also  increased  the  performance  of  the  progran)  and 
reduced  the  number  of  iterations  required  to  converge  upon  a  solution. 

The  analysis  performed  on  the  program  after  the  initial  changes  shows  evidence 
that  there  could  possibly  be  optimum  onjeclive  functional  weights  which  are  inde¬ 
pendent  of  the  cruise  missile  flight  proflle,  but  much  more  experimentation  needs  to 
be  done  over  a  wide  range  of  cruise  missile  flight  paths  of  various  length  and  com¬ 
plexity,  and  possibly  more  of  the  objective  functional  parameters  need  to  be  included 
ns  experim^t  variables. 

The  analysis  of  the  segmeitted  fourth  flight  profile  results  indicates  that  the 
length  of  the  flight  proflle  has  some  effect  on  the  performance  of  the  algorithm,  due 
to  the  increase  in  coverage  when  flight  path  four  was  broken  into  two  sections.  The 
increased  perfcMrroance  and  decreased  solution  time  for  the  segmented  flight  path 
show  that  there  could  possibly  be  a  maximum  practical  missile  flight  path  length, 
but  again  further  research  into  this  area  is  required. 
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However,  the  in-depth  analysis  of  the  functioning  and  performance  of  the  pro¬ 
gram  done  in  this  research  effort  indicates  that  a  significant  problem  still  exists  in 
the  optimization  program.  This  problem,  which  was  evident  in  the  results  obtained 
from  all  of  the  flight  paths,  is  that  the  J  value,  which  is  expected  to  exhibit  a  decreas¬ 
ing  trend  as  the  program  steps  through  its  iterations,  often  has  large,  unfavorable 
deviations  from  a  convergent  path.  Also,  some  of  the  J  value  versus  iteration  plots 
indicated  an  oscillatory  behavior,  especially  evident  in  the  preliminary  results.  This 
leads  to  the  conclusion  that  the  gradient  search  method  used  by  the  program  is  not 
finding  the  true  minimum  penalty  value  along  the  gra<lient,  and  quite  often  finds 
a  value  worse  than  the  previous  penalty  value.  'I’he  next  sc'ction  discnisses  changes 
that  can  be  marie  to  the  program  to  eliminate  this  problem. 

5.3  Rtcommendations 

5.3,  i  Gradient  Search  Method.  As  shown  by  the  results  obtained  from  the 
alternate  gradient  search  method,  a  promising  area  of  investigation  towards  solving 
the  convergence  problem  is  improving  the  gradient  search  method.  Several  gradient 
search  methods  exist  that  could  improve  the  results,  and  guaranUv  that  the  J  value 
is  decreasing  for  every  gradient  that  is  taken. 

The  process  of  finding  the  gradient  consumes  most  of  the  computer  time  used 
by  the  system,  whereas  evaluating  the  value  of  the  irenalty  function  at  points  along 
the  gradient  is  relatively  quick  by  comparison.  Therefore,  a  process  that  finds  the 
gradient  and  then  guarantees  finding  the  minimum  value  along  that  gradient  before 
finding  the  next  direction  for  niininrigation  would  ct^rtainly  prove  to  1m*  quicker  than 
the  current  gradient  search  methotl  used  by  the  program. 

S.3.S  Frostam  iupiU/Ouipul.  Another  issue  of  concern  Is  the  input  and  out¬ 
put  files  of  the  program  and  the  ease  use.  The  program  requires  an  input  file 
of  cruise  missile  x  and  y  coordinate  positions  (relative  to  the  first  CMMCA  point) 
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for  every  0.10  minute  along  the  flight  profile  being  optimized.  This  is  not  easily 
obtained  from  a  plot  of  the  ground  track  of  the  cruise  missile.  Although  this  is  a 
minor  problem,  a  complete  program  which  could  be  used  by  the  flight  crews  to  aid 
in  flight  planning  should  allow  for  better  data  input  methods. 

5.3.3  Program  PATH. FOR.  The  program  PATH. FOR,  which  computes  the 
initial  CM  MCA  speed  and  bank  angle  for  a  CMMCA  path  trailing  the  cruise  missile 
assumes  that  the  missile’s  ground  speerl  over  the  entire  maneuver  is  a  constant  400 
KTAS.  This  worked  well  for  all  of  the  test  profiles,  because  the  cruise  missile  speed 
has  been  fi.xed  at  400  KTAS  for  all  of  the  flight  profiles.  This  will  probably  not 
work  for  actual  cruise  missile  flight  paths  if  the  missile’s  speed  varies  much  from  the 
assumed  constant  airspeed  for  much  of  the  flight  profile. 

This  problem  can  be  fixed  by  finding  the  average  speed  of  the  missile  over  the 
entire  nianeuver  and  then  assuming  that  the  CMMCA  flies  the  average  speed.  This 
will  not  provide  the  best  initial  CMMCA  guess,  but  will  put  the  CMMCA  flight  path 
closer  to  the  missile’s  actual  flight  path  that)  flying  straight  North  for  the  entire  time 
of  the  nussile’s  flight.  Another  fix  would  be  to  rewrite  the  computer  code  to  allow  for 
the  speed  to  vary  from  point  to  point.  Although  this  would  complicate  the  problem, 
the  formulation  should  still  Ire  p<^ible. 
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Appendix  A.  Modified  Optimization  Program 


c* 

* 

c* 

TITLE:  CMMCA  Program  To  Track  Cruise  Missile  Maneuvers 

* 

c* 

* 

c* 

WRITTEN  BY: 

Capt  Tony  K.  Carton 

a 

€♦ 

DATE: 

11  Feb  1990 

a 

c* 

a 

c* 

MODIFIED  BY: 

Capt.  Andrew  C.  Nachman 

a 

c* 

DATE  LAST  MODIFIED:  25  Feh  1902 

a 

c* 

a 

c* 

DESCRIPTION: 

This  program  implements  an  algorithm  to  track 

a 

c* 

a  citiise  missile  during  a  turning  maneuver. 

a 

c* 

The  prograoB  is  not  user  friendly  but  can  easily 

a 

c* 

be  learned  and  used  on  any  VAX/VNS  machine  or 

a 

c* 

IBM  PC  with  a  FORTRAN  compiler. 

c* 

a 

c* 

OPERATING  SYSTEM:  This  pr<^r«i  was  most  recently  modified 

c* 

on  a  VAX  using  VMS  version  5.4.  This 

a 

c* 

program  should  be  compatible  with  any 

a 

c* 

version  of  FORTRAN. 

a 

c* 

.  a 

C**«**«*****««*#***********«»***M*<»*W*««««*««M«f*»«**«M«**««.4«*«*«' 


pwMauii  ama 

ZNTEGBR  X»LXN.ALL»ITBR«K3»X4 
MRAKETSft  (LIK-rS.ilLMM) 
im  0BLTJ(1:ALL) .CU»«(0;1> 

1  BaiK(OtLXII)  ;SPEgD(0aXN)  ^tOKOslIM)  »TCH<d:LIi() . 
i  XFL4ltE(0tUM),YPyutE(0:LXN),IUtiCSChUB>,7H&r&Ci:L^^^ 
t  MiK!<oaxK)*tfxirD(ii2),uioD&(oa^,^^Bcm<iau)«iiEW 
ft  q0ftlW<0:Ult)»t»(0i3}.IIK<0:L]1l4:UN^ 

SEftl  lAMBOP.JSm^OT.lld^tmft 

coMtoM  8ftix.sP£SD»xat*Tat»ipaim«Ymiis«iMiOE.Ti^^ 

CQNKOIf  miW  Q0ftOlf«y,VK,tC3.K4 

coumtii  fman/ 

C  Oi«ar«t«  titt*  (in  ttlautM)  t»«d  by  th*  «Xg«rithii 
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DT=.! 


0PEHC20,FJLE*» JPLOT.OUT’ .STATUS® ’NEW*) 

CALL  IKPUT(VECTOR,LAHBDA,»ISD,DT) 

CALL  DELTAJ(DELTJ,JSTOP.HIKD,DT) 

10  CALL  VLAMDA(VECTQR.LAKBDA.VUIiB.DELTJ) 
CALL  6UHDA(VLAMB.GLAKS.UIN0.DT) 

CALL  OPT(UMBDA.GLANfi.UKStQP.JSTOP) 

CAU  HEUPOS(VECTOR.LANBOP.DELTJ.NEUV) 

CAU  OECONP(liEWV) 

CAU  DSLTAJCPELTJ.JSTOP.WIIID.DT) 

CALL  CHECKCLAKBOP , JSTOP .SE»V .VECTOR, ITER) 

GOm  10 

END 


(;«****«*** ****«*****«*****4««**<k  «*♦******»*****•**»*******«*****♦***•« 

C*  ♦ 

C*  SUBROUTIiE:  IIIPUT 

C* 

O  DES(^PTI01I:  Uttd  to  th«  n*e«sjMiry  4ikt«  for  nmntJig 
C*  tho  oljoriths. 

C* 

C******««»****0«***«i»****0*****00*0******«**««%<**««'**4r»«»»«>**«M*0** 

SUBMIUTIVB  XIIPUT(VECTOR.tAlfBDA.ttl«)W 
imrEGER  T;J,LIII^AU,K3,E4 
PARAMETEIl  (LIINTe.ALLMSey 
REAL  or, RO.TKETAO.JIO, 00.80 

REAL  VBCT(m(i:AU)  .LAKBDACO:  1)  .VXllDCi la)  .BAiKCOiLZN) . 

R  SPSED(OiLlN)  .RdtCOiLlM)  .Y(m(0:LW  .XPLARS(0:L1II}  , 

R  YPLAItE(0:LXN)  .RAiOB(tlLIH) .THETA<i tLlE) .RDa<0:UN} . 

R  QUAI>»(0iLIM).V<0i3) ,IIK(OiUMVi:U^ 

CONNOM  RRiK.SPEBO.fCM^YCM.XPLAliE.YPLiUlE.RAHGE.TlIBrA.^ 

OMiiiOR /immTf  qoAOo.o.w.b.^^^^ 

COMiON  /PRELIX/  RO.TftETAO.NO.OO.BO 

C  All  liMiid*  «ro  iB  m/BlB  uMt  «11  aRflo*  art  in  rodiaiui^ 

C  laitiia  hoadiai  iM  x*Y  PMltioa  for  t^ 

IIOC(0)«0 

XPLAiE<0)*0.0 


m 


YPLANE(0)=0 


C  Read  in  a  vector  coiitainin<^  the  initial  guess  of  bank  and  speed 

C  CMMCA  should  be  in  during  the  maneuver.  Also  read  in  x-y 

C  position  for  the  cruise  missile  for  each  time  increment  of  the 
C  maneuver . 

OPEN ( 10 , FILE= ’ INPUT . DAT ’ ,STATUS= ' OLD ’ ) 

DO  10  1=0, LIH 

READdO,*)  BANK(I)  ,SPEED(I)  ,XCM(I)  ,YCM(I) 

10  CONTINUE 
CLOSE(IO) 

C  Contains  the  step  size  for  the  gradient  search. 

OPEN ( 1 1 , FILE= ’ LAMBDA . DAT ’ , STATUS= ’ OLD ’ ) 

READCll,*)  (LAHBDA(I),  1=0,1) 

CLOSE(ll) 

C  Contains  nominal  values  of  range,  azimuth,  allowable  speed 
C  variance,  speed,  and  bank  angle  variance. 

0PEN( 12 , FILE= ’ NOMINAL . DAT ' ,STATUS= ' OLD » ) 

READ(12,*)  RO,THETAO,MU,UO,BO 
CL0SE(12) 

C  Wind  vector  in  its  two  x-y  components. 

0PEN(13,FILE=’WIND.DAT’ , STATUS* » OLD » ) 

READdS,*)  (WINDCr,  1=1,2) 

CLOSEdS) 

C  Adjustable  objective  function  weights. 

OPEN (14 , FILE* » WEIGHT . DAT » , STATUS* » OLD ' ) 

READd4,*)  (W(I),  1*0,3) 

CL0SEd4) 


C  At  this  point,  the  different  components  of  the  objective 
C  function  are  scaled  by  multiplying  the  variable  weights 
C  by  the  previously  calculated  scaling  constants. 

W(0)  *  1.0»W(0) 

WCl)  ■  22.7P7*Wd) 
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H(2)  =  19.312*W(2) 
W(3)  =  25.000*W(3) 


C  Adjustable  parabola  weights. 

OPEN ( 15 , FILE= ’ K . DAT ' , STATUS= » OLD ’ ) 

READ(15,*)  K3,K4 
CLOSE (15) 

C  Initialize  integration  weight  matrix. 

DO  30  1=0. LIH 
DO  20  J=1,LIM 
WK<I,J)=j 
20  CONTINUE 
30  CONTINUE 

C  Read  in  starter  integration  weight  matrix.  Trapezoidal  rule 
C  was  used. 

OPEN ( 16 , FILE= » WK . DAT ‘ , STATUS- ‘ OLD  * ) 

DO  40  1=0,3 

READ(16,*)  (WK(I,J),  J=l,3) 

40  CONTINUE 
CLOSEde) 

DO  60  1=0,3 
DO  50  J=l,3 
WK(I,J)»WK(I,J)*DT 
60  CONTINUE 
60  CONTINUE 

C  Generate  the  full  integration  weight  matrix  for  the  entire 
C  maneuver . 

CALL  GEN(HK) 

C  Take  the  last  column  of  the  integration  weight  matrix  and  use 
C  it  for  the  quadrature  objective  function  weights. 

DO  70  1=0, LIM 

qUADW(I)-WK(I,LIH)/DT 
70  CONTINUE 

C  Combine  inputted  speed  and  bank  into  single  vector  for  later  use 
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C  in  the  optimization  routine. 

DO  80  1=1, LIM 

VECTOR<I)=SPEED(I) 

VECTOR(LIM+I)=BANK(I) 

80  CONTINUE 
END 


Clt^t*lt^^^:t:********^^*******************^^**^^^^^^^^l|^*t**^H^^^*^it*t***’l^*^^***^^***)|fi>l^ 


c* 

If 

c* 

SUBROUTINE: 

GEN 

If 

c* 

If 

c* 

DESCRIPTION: 

Generates  the  full  integration  weight  matrix 

If 

Cif 

from  the  inputted  starter  matrix.  The  size  of 

If 

c* 

the  generated  matrix  is  dependent  on  the 

If 

Cif 

maneuver  length. 

4i 

C* 

If 

C  If  1)1 41 4>  « it<  *  4<  *  *  >l<  *  >t<  *  *  *>!> «  Diiti  Ik  *  *  iti  *  *  *  ^  *  *  *  *  *  If  « t  #  >t<  4>  *  *  If  K«ti  If  1*1  >)<  411*1  iK  m  <1 4i 

SUBROUTINE  GEN(HK) 

INTEGER  LIM,ROW,COL,X,Y,I,COUNT 
PARAMETER  (LIM-78) 

REAL  WK(0:LIM,1:LIM) 

X-2 

Y«2 

COUNT-0 

DO  20  COL-4, LIM 
I-l 

DO  10  R0W>O,LIM 

IF  (ROW  .LT.  X)  THEN 
WK(ROW,COL)-WK(ROW,X) 

ENDIF 

IF  (ROW  .EQ.  X)  THEN 

WK(ROW,COL)«WK(ROW,X)  +  WK(0,Y) 

ENDIF 

IF  (ROW  .GT.  X)  THEN 
WK(ROW,COL)=WK(I,Y) 

I-I+l 

ENDIF 

10  CONTINUE 

COUNT  -  COUNT  +  1 
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IF  (Y  .EQ.  2)  THEN 
Y=3 
ELSE 
Y=2 
ENDIF 

IF  (COUNT  .EQ.  2)THEN 
X=X  +  2 
C0UNT=0 
ENDIF 
20  CONTINUE 
END 


Q*}tt******************************************************************* 


c* 

% 

c* 

SUBROUTINE: 

DECOMP 

* 

c* 

* 

c* 

DESCRIPTION: 

Decomposes  the  maneuver  vector  back  into  its 

* 

c* 

original  bank  and  speed  vectors. 

* 

0* 

* 

C4>***iti**«*«*****4i**<>i»«*!tii«ii|<*i|i4iit<*iii*i|i******4ii«i*****i«i**i|»*i>t<**i(>**i|i*«««**i«>**>l>iti 

SUBROUTINE  DECOMP (V) 

INTEGER  I.LIM.ALL 
PARAMETER  (LIM>78,ALL»1&6) 

REAL  V(1;ALL),BANK(0;LIM),SPEED(0;LIM) 

COMMON  BANK , SPEED , XCM , YCM , XPLANE , YPLANE , RANGE , THETA , HDG 

DO  10  I«1,LIM 
SPEED<I)«V(I) 

BANK<I)«V(LIM+I) 

10  CONTINUE 
END 


r 
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SUBROUTINE:  COMP 


DESCRIPTION: 


0  :|t  :<i  *  9tt ^  :ti  1)1  iti :)( 1)1  i|t  :)i  1 4i  *  **  !t<  111  i|t  *  itc  iti  itiitc  :ti  iti  ^  ill  *  :|t  !ti 

c* 
c* 
c* 
c* 
c* 
c* 
c* 
c* 
c* 

C>Ki|ii|i>)ii)>*i|<*i|i**i)i**i«»|i>|ii)<i)i**«i|i*!ti*4i**i|i*i|ii)ii|ii|ii)i«*i)<*i|i*Di*4iDii|ii|>i)>i»iX*4i!|i****i|ii|ii|>i|ii|<i)ii)<4t4ii»4i 


Computes  CMMCA  position  and  heading  given  the 
bank  and  speed  vectors  for  the  maneuver. 

Also  computes  range  and  azimuth  from  the  CMMCA 
to  the  cruise  missile  given  the  x-y  position 
for  the  missile  for  the  entire  maneuver. 


* 

* 

* 

* 

* 

* 

* 

* 

* 


SUBROUTINE  COMP (WIND, DT) 

INTEGER  I,LIM,S,K3,K4 

REAL  DT , SUM 1 , SUM2 , SUMS , TWOPI , ALPHA 

PARAMETER  (LIM*78) 

REAL  WIND(1:2) ,BANK(0:LIM) ,SPEED(0:LIM) ,XCM(0:LIM) ,YCM(0:LIM) , 
t  XPLANE(0:LIM),YPLANE(0;LIM),RAHGE(1:LIM),THETA(1:LIM), 
k  HDG(0:LIM),QUADW(0:LIM),W(0:3),HK(0;LIN.1:LIH) 

COMMON  BANK , SPEED , XCM , YCM ,XPLANE , YPLANE , RANGE , THETA ,HDG 
COMMON  /WEIGHT/  QUADW.W,WK,K3,K4 

TW0PI»2*(AC0S(-1.)) 

SUMl-0 

SUM2‘»0 

SUM3-0 

DO  40  1-1, LIM 
DO  10  S-0,I 

SUMl-SUMl  +  WK(S,I)el9.06*TAN(BANK(S))/SPEED(S) 

10  CONTINUE 

HDG(I)-HDG(0)  +  SUMl 

C  Ensure  heading  lies  between  0  and  2  pi. 

20  IF  (HDG(I)  .GT.  TWOPDTHEN 

HDG(I)»HDG(I) -TWOPI 
GOTO  20 
ENDIF 

30  IF  (HDG(I)  .LT.  -TWOPDTHEN 

HDG(I)«KDG(D-^TWOPI 
GOTO  30 
ENDIF 
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SUM1=0 
40  CONTINUE 

DO  60  1=1, LIM 
DO  50  S=0,I 

SUH2=SUM2  +  SPEED(S)*SIN(HDG(S))*WK(S,I) 

SUM3=SUM3  +  SPEED(S)*COS(HDG(S))*WK(S,I) 

50  CONTINUE 

XPLANE(I)=XPLANE(0)  +  SUM2  +  WIND(1)*DT*I 
YPLANE(I)*YPLANE(0)  +  SUM3  ♦  WIND(2)*DT*I 
SUH2=0 
SUM3=0 
60  CONTINUE 

DO  70  1=1, LIM 

RANGE(I)=SQRT((XCM(I)-XPLANE(I))**2  + 

*  (YCM(I)-YPLANE(I))**2) 

C  The  angle  ALPHA  is  measured  from  the  North  (or  y)  axis  to  the 
C  cruise  missile.  Counterclockwise  from  the  y  axis  is  a  negative 

C  ALPHA,  clockwise  is  a  positive  ALPHA.  Because  of  the  TAN2 

C  function  ALPHA  ranges  only  from  pi  to  -pi. 

ALPHA-  ATAN2(XCM(I)-XPLANE(I) ,YCM(I)-YPLANE(I)) 

THETA(I)-  ALPHA  -  HDG(I) 

C  Ensure  theta  remains  between  -pi  and  pi. 

IF  (THETA(I)  .LT.  -THOPI/2)  THETA(I)-THETA(I)  ♦  THOPI 
IF  (THETA(I)  .GT.  THOPI/2)  THETA(I)-THETA(I)  -  THOPI 

70  CONTINUE 
END 


C*  « 

C*  SUBROUTINE:  DELTA J  « 

C*  4> 

Co  DESCRIPTION:  Computes  the  gradient  of  J  with  respect  to  * 

C*  velocity  and  bank  angle.  * 

Co  * 


C4ie4i*e4i4i4i4i*i*4>4>04>000004>0004>00*4>4i4i*e****«*e0000000000000000*04i*4i4ie«e4iwe* 

SUBROUTINE  DELTA J (DELTJ , JSTOP .HIND . DT) 
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INTEGER  I,K,K3,K4,KPL,C0UNT 
PARAMETER  (LIM=78,ALL*156) 

REAL  BANK(0:LIM) ,SPEED<0:LIM) ,XCM(0:LIM) ,YCH(0:LIM) , 
t  XPLANE(0:LIM) .YPLANE(0:LIM) ,RANGE(1:LIM) ,THETA(1 :LIM) , 
k  HDG(0:LIM) ,WIND(1 :2) ,DELTJ(1:ALL) ,QUADW(0:LIM) , 
t  W(0:3) ,WK(0:LIM, 1 ;LIM) ,0LD(1 :ALL) 

REAL  JSTOP,RO,THETAO, MU, UO,BO,DT,TEMP,A,B,C,L,M, ANGLE. 
t  N,0,P,Q,R.S,T,X,Y,Z,SUM,SUM1,SUM2,SUM3,SUM4,SUM5 
COMMON  BANK . SPEED . XCM . YCM , XPLANE . YPLANE . RANGE . THETA , HDG 

COMMON  /PRELIM/  RO,THETAO,MU,UO,BO 
COMMON  /WEIGHT/  qUADH,H,HK.K3.K4 

SUM=0 

SUMl-0 

SUM2-0 

SUM3-0 

SUM4-0 

CALL  COMPCHIND.DT) 


C  Initialize  the  gradient  vector  to  zero. 

00  10  I«1.ALL 
OLD(I>-OELTJ(I) 

DELTJ(I)«0 
10  CONTINUE 

DO  40  K-1,LIN 
KPL>K-^LIM 
DO  30  1-l.LIH 
N>(RANGE(I)-RO) 

N«<THETA(I)-THETAO) 

S>(XCN(I)-XPLANE(I)) 

T»(YCM(I)-YPLANE(I)) 

IF  (K  .LE.  DTHEN 

IF  (I  .EQ.  K)THEN 

SUMl- (W(2) *2*K3/MU) e « (SPEED(I) -UO) /MU) ** (2*K3- 1 ) ) 
SUH2- ( W(3) *2eK4/B0) e ( (BANK ( I ) /BO) ee (2«K4> 1 ) ) 

ENDIF 

X— SIN(KDG(K))*HK(K.I) 

Y— 19 . OSeTAN(BANK(K) ) /(SPEEO(K) ** (2) ) 

Z>-COS(HDG(K))*WK(K,I) 

A-~19.05e((l/C0S(BANK(K)))e*2)/SPEE0(K) 

DO  20  L*K.I 
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Q*SPEED(L)*COS(HDG<L))*HK(L,I)*WK(K,L) 

R=SPEED(L)*SIM(HDGa))*HK(L,I)*WK(K,L) 

SUM3=  SUM3  +  q 
SUM4=  SUM4  +  R 
20  CONTINUE 

0= (S* (X- ( Y*SUM3) ) ) + (T* (Z+ (Y*SUM4) ) ) 

P* ( ( ( -S* (Z+ (Y*SUM4) ) ) + (T* (X- (Y*SUM3) ) ) ) / (S**2+T**2) ) - ( Y 
k  *WK(K.I)) 

SUMl-SUMl  +  (2*M*0/(W(0)*RANGE(I>))  +  (2*W(1)*P) 

B«(S* (A*SUM3) )+(T* (-A)*SUM4) 

C«(((-S*((-A)*SUM4)>+(T*A*SUM3))/(S**2+T**2)>+(A*WK(K,I)) 
SUM2-SUM2  ♦  (2*M*B/<«(0)*RANGB(I)))  +  (2*W(1)*N*C) 

ENDIF 

C  Sum  the  gradient  vector  for  velocity. 

DELTJ<K)»DELTJ(K)  ♦  QUADH(I)*SUMl 

C  Sum  the  gradient  vector  for  bank  angle. 

DELTJ(KPL)«DELTJ(KPL)  ♦  qUADV(I)*SUM2 
SUNl-0 
SUN2«0 
SUN3«0 
SUN4-0 
30  CONTINUE 
40  CONTINUE 

C  Compute  the  slope  of  the  gradient  for  each  time  unit. 

DO  SO  I«1,ALL 

TEHP«DELTJ(I)e*2 
SUN*  SUN  t  TEMP 
SO  CONTINUE 

JSTOP>SQRT(SUH) 

C  Compute  the  normalized  gradient  of  J. 

DO  60  I-l.ALL 

DELT  J  ( I ) -DELT  J  ( I )  /  JSTOP 
60  CONTINUE 

IF  (COUNT  .EQ.  1)  THEN 
DO  70  I>1,ALL 

SUN6-0LD(I)*DELTJ(I) 

ANQLE«ANQLE  ♦  SUMS 
70  CONTINUE 


76 


ENDIF 

C0UNT=1 

C  ANGLES (ACOS (ANGLE) ) *  180/3 . 141S9 

C  PRINT  ♦,  ’ANGLE  =  ’.ANGLE 

C  ANGLEsO 

END 


c* 

C*  SUBROUTINE:  VLAMBDA 
C* 

C*  DESCRIPTION:  Computes  a  new  column  of  the  maneuver  vector 
Ce  for  each  of  the  teo  lambda  step  sizes. 

C* 

Ct***e*eee*eeee*e**ee**eeeee**ee****e**e***eeee**eeee*e****eeeee*eeee> 

SUBROUTINE  VLANDA (VECTOR. LAMBDA, VLANB.DELTJ) 

INTEGER  I.Q,ALL 
PARAMETER  (ALL-156) 

REAL  DELTJ(l:ALL).VLAMB(l:ALL,0:l),VECT0R(l:ALL>,UNB0A(0:i) 

DO  20  Q-0,1 
DO  10  I-1,ALL 

VLANB(I,q)-VECTOR(l}-LAMBDA(Q)*DELTJ(I) 

10  CONTINUE 
20  CONTINUE 
END 


Ce**e*eee*eee*ee«*e**e*«ee*e**e*e*e*e*e**ee«e*e*e»**«**M*eee*«e***e*i 

C* 

Ce  SUBROUTINE:  JCOMP 
C* 

C*  DESCRIPTION:  Computes  a  nes  objective  function  value  given 
C*  the  appropriate  inputs. 

C* 

Ce***ee*ee*eeeee*«*******e********eeeeeeeeee*e*«*e«*****e«eee*e**ee*e^ 

SUBROUTINE  JCOMP(J) 


INTEGER  1.L1N,K3.K4 
PARAMETER  (LIN-78) 

REAL  SUN.RO,THETAO,UO.NU,BO,J 
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REAL  QUADW (0 : LIM) , H (0 : 3) , WK (0 :LIH . 1 : LIM) ,BAKK (0 : LIM) , 
k  SPEED(0;LIM) ,XCM(0:LIH) ,YCM(0:LIM) ,XPLAHE(0:LIM) , 
ft  YPLANE(0:LIM) ,RANGE(1 :LIM) ,THETA(1 :LIM) ,HDG(0:LIM) 
COHNON  BANK. SPEEO,XCM.YCM.XPLAriE.YPLANE, RANGE, THETA,HOG 
COMMON  /PRELIM/  RO.TKETAO.MU.UO.BO 
COMMON  /HEIGHT/  QUADH,H.HK.K3.K4 


J«0 

DO  10  I«1,LIM 

SUM«H(0)*(RANGE(I)-R0)**2  ♦  W(1)*(THETA(I)-THETA0)**2 
ft  ♦  H(2)*(((SPEED(I)-U0)/MU)**(2*K3)) 
ft  ♦  H(3)*((BANK(I)/B0)**(2*K4)) 

J  4  QUADH(I)*SUM 
10  CONTINUE 
END 


c* 

c* 

SUBROUTINE: 

GLAMBDA 

c* 

c* 

DESCRIPTION: 

Conputts  tvo  n«v  objtctiv*  function  vnluoi  for 

c* 

«ach  n««  Victor  ginoratid  in  tht  iubroutint 

c* 

VLANBDA.  Thifti  tvo  valuit  art  avaluatad  in 

c* 

tha  Bubroutini  OPT. 

c* 

C«*****V*4>«**>»*****«**«**M**M*****4****«**«**««********«*4i«#«******< 

SUBROUTINE  GLAHDA(VLAMB,GLAKB,UIND,DT) 

INTEGER  1,ALL,LIK.Q.K3,K4 
PARAMETER  (LIN-78, ALL>166> 

REAL  VINDCl :2) .V(l :ALL) ,BANX(0:LZM) ,SPEED(0:LIN) , 
ft  XCN(0:LIM),YCN(0:LIN),XPLANEt0:LIM).YPLANE(0:LIK). 
ft  RANGE(l:LlN),TRETA(l:LIH),KDG(0;LIN),QUADtf(0:LIN), 
ft  H(0:3),HK(0:LIM,1;LIM},CLAMB(0:1},VLANB(1:ALL,0:1) 

REAL  J.DT, RO.TKETAO.MU.UO.BO 

COMMON  BANK,SPEED.XCN,YCN,XPLANE,YPLANE.RANGE.THETA.HDG 
COMMON  /PRELIM/  RO.TKETAO.MU.UO.BO 
COMMON  /HEIGHT/  QUADH.H.HK,X3.K4 

DO  20  Q-0.1 
DO  10  I-l.ALL 
V(Z)-VLANB(I.Q) 

10  CONTINUE 
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CALL  DECOMP (V) 

CALL  COMP(WIND.DT) 
CALL  JCOMP(J) 
GLAMfiCQX 
20  CONTINUE 
END 


c* 

c* 

SUBROUTINE: 

OPT 

c* 

c* 

DESCRIPTION: 

Conpar«8  th«  tHo  gliAbda  vnlUM  and  cmputcs 

c* 

th«  b«8t  8t«p  8iz«  to  tabs  to  a  nav  and 

c* 

battor  nanouvar. 

c* 

C****M********«************«*4i*******««********»*************«******' 

SUBROUTINE  OPT(LAllBOA.GLAHB.UHBOP.JSTOP) 

INTEGER  LIN.Aa 
PARAMETER  (LIN»78,ALL-166> 

REAL  QUNB(0:l}.VUHB(l:ALL,0!l),LANBDA(0tl) 

REAL  JSTOP.LANBOP.Y 

Y«GLANB(0)  -  JST0P*LANBDA(1) 

IF  (GLAMBd)  .LE.  Y)  THEN 
LANBOP-LAKBOA(l) 

else 

LAIIBOP«.S*aAMBDA(i)  ♦  ((0LAMB(l)-0LAMB(0)}/(-JST0Pt 
ft  ((QLAItB(0)-GLAMB<l))/LANBOA(i))))) 

ENOIF 

IF  (LAMSOP  .GT.  1)  LAMB0P«LAMBDA(1) 

END 


SUBROUTINE:  NEWPOS 


c* 
c* 
c* 
c* 
c* 
c* 
c* 


DESCRIPTION: 


CoMputt*  tht  MV  MAtuvtr  v«ctor  giv«n  th« 
bMt  tttp  six*  dttxxmiatd  in  th«  tubroutin* 
OPT. 
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SUBROUTINE  H£WPOS(VECTOR,LAMBOP.DELTJ ,NEWV) 


INTEGER  I, ALL 
PARAMETER  (ALLalSG) 

REAL  DELTJCl : ALL) ,VECTGR(1 : ALL) .NEUV(1 : ALL) 
REAL  LAMBOP 
DO  10  1*1. ALL 

NEWVd)*  yECTOR(I)-LAMBOP*DELTJ(I) 

10  CONTINUE 
END 


c* 

C«  SUBROUTINE:  CHECK 

C* 

C*  DESCRIPTION:  Chtckt  to  •••  if  tho  ttoppiag  critoriA  havo 
C*  boon  Mt.  Output  it  gmorotod  if  thoy  hovo. 

CO 

C*0**0«000*«»*00***0«0**0****00*0000»***«*0«*0«»0**0»***00«t*0»0*00**0i 

SUBROUTINE  CHECK (UMBOP.JSTOP. NEW. VECTOR. ITER) 

XNTBQER  ITER.ALL.LIN,X.i(3.K4 
PARAMETER  (Lni*78.ALL*lSe) 

REAL  JSTOP.LANBOP.RO.TSETAO.UO.NU.BO 

REAL  NBW(1:ALL) .VECT0R(1:AU.) ,BANK(0:LIM).SP^(0:LIM). 

R  XCN(0:LXN).TCM(0:LXN).XPUNS<0:L1M).YPLANE(0:L1M). 

R  RAN0B(l:LIN).THETA<t:LXM).HDQ(O:LIN).4UA0U(0:LXM). 

R  H(0:3).VK<0:LXN,i:LIN) 

COMMON  BANK.SPBBD.tCN.YCN.KPLANB.YPLAME.RAN6E.THSTA.UD0 
COMMON  /PRELXN/  RO.THBTAO.MU.UO.BO 
COMMON  /HEIGHT/  QOADV.H.HK.KS.KA 

PRINT  *.  nSR.  JSTOP 
HRITE(20»*)  ITER. JSTOP 

IF  ((ABS(LANBOP)  .LT.  .1) .AND. (JSTOP  .IT.  .1))  THEN 
XTSR*ITSR  *  i 
CALL  OUTPUT(IIER.JSTOP) 

ELSE 

IF  (ITER  .BQ.  SO)  THEN 
CALL  OUTPUTdTBR.JSTOP) 
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EKDIF 

ITER=ITER  +1 

C  Updat«  the  old  naneuver  vector  to  the  new  aaneuver  vector. 

00  10  I»1,ALL 

VECTORO-HEHVCI) 

10  CONTINUE 
ENDIF 
END 


C*e**e«*ee************ee*M*e*e«e*e**«*«*«****e****e**e**eMe*«*****e 

C* 

C*  SUBROUTINE:  OUTPUT 
Ce 

C*  DESCRIPTION:  Change*  value*  of  radians  and  tm/min  back  to 
C*  degree*  and  knots.  Outputs  the  final  bank  and 

C*  speed  vectors  the  progran  deteralned  as  being 

C*  optinal.  Another  file  is  generated  to  look  at 

C*  the  results  gradually. 

C* 

Ce«**e**aae«*e«*e**aeea*««**e«****e***ea****e*a**ea*«aa*****a*e****e* 

SIOROUTINB  OUTPUTvITBR.JSTOP) 

INTEGER  MTBR,LIN»K3,K4 
PARAISTER  (LIN*7a} 

INTEGER  B(l:LtN},P(l:LtN) 

REAL  RO.TRCTAO.UO.NU.BO 

REAL  JRANQB,JTItETA»JSPSEO,JBANX 

REAL  BANK(0:LXN)  ,SPEED(0:LIN)  .XCN(0:LI1I)  ,YCN(0:LIN} , 

A  XPUNB(0:LM).YPLANE<0:LIN)«RANOE(l:LIH},THETA(ltLtM). 
ft  il])G(0iLtN),QUADN(0:LlN}»N(0:3),W(0iLXH,l:LtM) 

REAL  A3.C»D,Pt»L»tIT»JST0P 

REAL  RADSUN,RAOPBR»STRtlCSUN,STRUCPER 

COmiON  BANK,SPfiE0.XCN.Y(3i.XPLANB.YPLANE,RANQ£.TIierA.II0C 

CUNNON /PRELIN/ R0,YitETA0.IW,00»B0 

COtmON  mim/  QOAOIf.V*WE.K3.K4 

PX«AG0S(-1.) 

RAOSUHaO.O 

8TR0CSUM-O.O 

LIIIIT«REAL(LUI) 


SI 


o  o 


JRAHGE«0.0 

JTHETAsO.O 

JSPEED*0.0 

JBANK^O.O 

OPEIK21,FILE»*RESULTS.OUT* .STATUS- * HEW ») 

OPEN (22 , FILE- ’ PLOT . OUT », STATUS- ’ HEW * ) 

OPEH(23, FILE-’ JCALC. OUT* ,STATUS-»HEW* ) 

HRITE(21,*)  *JSTOP  -  ’.JSTOP 
WRITEC21.10>  ITER 

10  FOBRATdX.’i  ITERAtlOBS  s  *.13  //) 

WRITB(21',*)*  T  BAKK  SPEED  RAHOE  *. 

It’THETA  RADAR  STRUCT’ 

WRITE.<21.*)  ’  V 

WRITE<23,*)  *  .iSiSOE  JTMBTA  ,  .!SPEEP  JBAHK’. 
*’  .  STRUCT’ 

.  -  ,00  ^60  l»i.LlR^  . 

■  Ut>t 

B»BAHK(I)»l$om 
C-SPE^(I)*60 
D«THBrA(I)*180/PI 

Check  tM  if  liSilX*  is  ttithifi  rAd*r  detectloa  iisit* 
Write  «  1  if  it  Is,  nrlte  ft  0  if  it  ii  net.  - 

IF  ((RAHGB(l)  .LT.  S.O)  .OR.  (RAH(2£(1)  .CT.  15.0))  TREK 
GOTO  20 
EHOIP 

IF  ((0  .LT.  -60)  .OR.  (D  .3T.  60))  THEW 
OSTO  20 
ELSE 
COtO  50 

20  E(I)*C 

RAOSON-RAOSONM.O 

C  Cheek  te  see  if  CNNCA  is  eithia  stracturei  lisdts. 

C  Write  ft  1  if  it  is«  ttrite  s  0  if  it  is  not. 

30  IF  ((R  .LT.  -30.0)  .OR.  (8  .Ot.  30.0))  THER 
GOTO  40 
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ENDIF 

IF  ((C  .LT.  320)  .OR.  (C  .GT.  480))  THEN 
GOTO  40 
ELSE 

GOTO  50 
ENDIF 

40  F(I)=0 

STRUCSUM=STRUCSUM+1 

SO  WRITE(21,70)  A.B,C,RANGE(I) ,D,E(I) .F(I) 

60  CONTINUE 

70  F0RMAT(F4.1.4(2X,F7.1),6X,I1.6X,I1) 

RADFER=100* ( 1- (RAPSUM/LIMIT) ) 

WRITE(21,*)»  ■ 

WRITE(21, *) ’CM  IN  RADAR  CONE  ‘.RADPER,’  PERCENT’ 

STRUCP2R" 100* ( 1 - (STRUCSUH/LIMIT) ) 

HRITE(2l,*)’CMMCA  W/IN  STRUCTURAL  LIMITS  ’.STRUCPER,’  PERCENT’ 

C  Writs  the  fils  ussd  to  grsphicaily  display  optimal  flight 
C  path  lor  the  CMMCA  and  the  cruies  missile  flight  path. 

DO  80  I»0,LIH 

WRITE<22.90)  XPLANE<I) .YPLANE(I) ,XCM(I) ,YCM<I) 

80  CONTINUE 
90  F0RMAT(4<3X,F8.2)) 

C  Write  the  fils  ussd  to  graphically  display  the  objective 

C  function  components  for  the  optimal  flight  path. 

DO  100  I>1,LIM 

JRANGE  >  QUADH(I)*W(0)*<(RANCE(I>-‘RO)*«2) 

JTHBTA  «  QUADy<I)*W(l)*((THETA(I)-THBTA0)**2) 

JSPESD  »  QUA0W<I)*W(2)*(((SPEBD(I)-U0)/MU>**(2*K3)) 

.{RANK  «  QUADW(1)*W(3}*((BANK(I)/B0)**(2*X4}) 

HRIT£(23,110}  JRANGE. JTHETA.JSPE£D.JBANK,E(I}.F(I) 

100  CONTINUE 

110  P0RltAT(4ClX.Fl0.4),6X.Il,7X.Il) 

STOP 

END 
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Appendix  B.  Program  to  Generate  Initial  CMMCA  Flight  Path 


Q^C^L^^L^i^i^^l^fift********************************************************** 


c* 

* 

c* 

TITLE:  Program  To  Generate  Initial  CMMCA  Flight  Path 

c* 

* 

c* 

WRITTEN  BY: 

Capt  Andrew  C.  Hachman 

* 

c* 

DATE: 

22  Jan  1992 

* 

c* 

DATE  LAST  MODIFIED:  29  Jan  1992 

* 

c* 

* 

c* 

DESCRIPTION: 

This  program  inputs  a  cruise, missile  flight 

* 

C* 

- 

path  and  generates  the  same  flight  path  X  nm 

* 

c* 

behind  the  missile  as  an  initial  guess  for 

* 

c* 

the  CMMCA  flignt  path. 

* 

C* 

* 

Q-4m****M***i^****'*il***’^******’if*v***********-*****************m*******’t/** 


PROGRAM  PATH 

INTEGER  I.LIM.ALL 
PARAMETER  <LIM»79) 

REAL 

&  BAKK(OiLIM) .SPEED(0;LIM) .XCM(0:LIH) ,VCM(0:L!M) , 
k  XPLANE(0:lIM) ,YPLANE(C:LIH) .RANGEd :LIH) ,THETA(1 ;LIM) , 
k  HDG(OaiM)  ,HEAD(0:LIH)  .ANGLE(O.LXM)  ,ALPKA(0:LIM) 

REAL  DT,  INI7.DIS,  NUMPOINTS,  VEL,  PI,  DELTAX,  DELTAY, 
k  DELX,  DELY 


C  Inittaliza  tim«  intarval  (in  minutaa)  usad  by  tha  algoritha, 
C  tha  valocity,  and  initial  CMMCA  haading  and  position 

DT«.l 

VEL  «  20.0/3.0 
H0C(O)«0.C 
XPLANE(0)«0.0 
YPLAME<0)»0.0 
PIE  •  ACOS<-1.0) 

C  Raad  in  x*y  position  for  tha  cruisa  adssila  for  aach  tiaa 
C  incraaant  of  tha  aanauvar  and  tha  noodnal  starting  distanca. 

OPEM( 10 ,FILE« ‘ INPOT.OAT* ,STATUS»*0L0* ) 
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DO  10  1=0, LIM 

RSAD(10.+)  BANK(I) .SPEED(I) ,XCM(I) ,YCM(I) 

10  CONTINUE 
CLOSE(IO) 

OPEN (11, FILE* ' NOMINAL . DAT ’ .STATUS*  *  OLD » ) 

READ (11.*)  INIT.DIS 
CLOSE(ll) 

C  Compute  the  number  of  initial  points  in  the  path  required 
C  to  account  for  the  nominal  CMMCA  distance  offset. 

NUMPOINTS  «  INIT.DIS*(1/VEL)*(1/DT) 

C  Calculate  the  CMMCA  X  and  Y  position  for  each  point  in 
C  the  initial  flight  path. 

DO  20  1*1. LIM 

IF  (I  .LT.  NUMPOINTS)  THEN 
XPLANE(I)  *  0.0 

YPLAHE(I)  -  YPLANE(I-l)  ♦  2. 0/3.0 
ELSE 

XPLANEd)  ■  XCH(I-NUHP0INTS+1) 

YPLAKE(I)  ■  YCMd-MUMPOINTS+l) 

ENDIF 

20  CONTINUE 

C  Give  the  CMMCA  an  initial  path  flying  due  north  for  the 

C  distance  of  the  offset,  and  calculate  the  rest  of  the 

C  CMMCA  flight  path 

00  80.  I-l.LIH 

DELTAX  ■  XPLANEd)  >  XPLANEd-l) 

DELTAY  •  YPLANEd)  -  YPLANEd-1) 

IF  (DELTAY  .EQ.  0.0)  THEN 
IF  (DELTAX  .GT.  0.0)  THEM 
HDCd)  >  PIE/2.0 
ELSE 

HDCd)  •  3.0*P1E/2.0 
ENDIF 
ELSE 

KDG(I)  •  ATAMCDELTAX/DELTAY) 

ENDIF 

IF  (DELTAY  .LT.  0,0)  THEN 
HDGd)  *  HDGCl)  *  PIE 


ST) 


ENDIF 


DELX  =  XPLANE(I+1)  -  XPLANE(I) 

DELY  =  YPLANE(I+1)  -  YPLANE(I) 

IF  (DELY  .EQ.  0.0)  THEN 
IF  (DELX  .GT.  0.0)  THEN 
HEAD (I)  =  PIE/2.0 
ELSE 

HEAD (I)  =  3.0*PIE/2.0 
ENDIF 
ELSE 

HEAD(I)  =  ATAN(DELX/DELY) 

ENDIF 

IF  (DELY  .LT.  0.0)  THEN 
HEAD(I)  =  HEAD(I)  +  PIE 
ENDIF 

ANGLE(I)  =  HEAD(I)  -  HDG(I) 

IF  (ANGLE(I)  .LT.  -PIE)  THEN 
ANGLE(I)  >  ANGLE(I)  ■*-  2*PIE 
ENDIF 

IF  (ANCLE(I)  .CT.  PIE)  THEN 
ANGLEd)  -  ANGLECI)  -  2*PIE 
ENDIF 

ALPHA(I)  •  ATAN(2*VEL/(DT*37.8)^ANGLE(I)) 

SO  CONTINUE 

C  Print  out  th«  olttmato  initial  CHNCA  flight  path 
C  into  th«  fil*  INPUT. OUT 

0PEN(2l .FILE- ' INPUT. OUT* , STATUS-* NEW * ) 

DO  100  I-0,LIM-1 

WRITE(21.130)  ALPRAd),  SPEEDCD.  XCNd).  YCNCl) 
100  CONTINUE 
130  F0ttNAT(4<4X.F8.4}) 

STOP 

END 
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Appendix  C.  Optimization  Program,  Alternate  Gradient  Search 

Method 


c* 

c* 

TITLE: 

Alternate  CMHCA  Program  For  Cruise  Missile  Tracking 

c* 

c* 

WRITTEN 

BY: 

Capt  Tony  M.  Carton 

c* 

DATE: 

11  Feb  1990 

c* 

c* 

MODIFIED  BY: 

Capt  Andreu  C.  Hachmzm 

c* 

DATE  LAST  MODIFIED:  2S  Feb  1992 

c* 

c* 

DESCRIPTION: 

This  program  implements  an  algorithm  to  track 

c* 

a  cruise  missile  during  a  turning  maneuver. 

C* 

The  program  is  not  user  friendly  but  can  easily 

C* 

be  learned  and  used  on  any  VAX/VHS  machine  or 

C* 

IBM  PC  with  a  FORTRAN  compiler. 

C* 

c* 

OPERATING  SYSTEM:  This  program  «as  moat  recently  modified 

c* 

on  a  VAX  using  VMS  version  S.4.  This 

c* 

program  should  be  compatible  with  any  PC 

c* 

version  of  FORTRAN. 

c* 

o 


PROGRAM  ALTERNATE 

INTEGER  I,LIN,ALL,ITER.K3.K4 
PARAMETER  (LlM«78»ALL«tS6) 

REAL  DELTJ(l:ALL).GLAMB,VLAMB(l:ALL), 

A  BANX(0:LIM) ,SPEED(0:LIM) .XCM<0:LIN) .YCM(0:LIM) . 

A  XPUNE(OiLIM}.YPLAHE(0:LIM)»RANCE(l:LIH).THETA(l:LlM). 
A  MI)G(0:LIM)  .NINOd  :2)  .VECTORd  :Aa}  .NEUVCl  :ALL} , 

A  QUA0W(O:LIM) .W(0:3) ,VK(0:LIM.l :LIM) 

REAL  LAN8CP.JSTOP,DT.RO,rKETAO,NU.UO»BO 

COMMON  BANK . SPEED , XCM » YCM , XPLANE » YPLANE , RANGE . THETA . HDG 

COMMON  /HEIGHT/  QUADU.U.HK,K3.K4 

COMMON  /PRELIM/  RO.THETAO.MU.UO.BO 
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C  Discrete  time  interval  (in  minutes)  used  by  the  algorithm 
DT=.l 

OPEN ( 20 , FILE=  *  JPLOT . OUT ' , STATUS= ‘ NEW » ) 

CALL  INPUT(VECTOR,WIND,DT) 

CALL  DELTA J(DELTJ,JSTOP, WIND, DT) 

10  CALL  VLAMDA(VECTOR,VLAMB,WIND,DT,DELTJ,ITER) 

CALL  DELTAJ(DELTJ.JSTOP,WIND,DT) 

CALL  CHECK (LAMBOP , JSTOP .VECTOR, ITER) 

GOTO  10 
END 


c* 

c*  SUBROUTINE:  INPUT 

C* 

C«  DESCRIPTION:  Used  to  input  the  necessary  data  for  running 
Ce  the  algorithm. 

C* 

C**eee*e*e**e*e*e******ee«*ee*e*«ee***eeeeeeee*M*****eee*eee*ee«e*e«i 

SUBROUTINE  IHPUT(VBCTOR,HIND,DT) 

INTEGER  I,J,LIK,ALL,K3,K4 
PARAMETER  <LIK>76,ALl-iS6} 

REAL  DT,RO,THETAO,KU,UO,BO 
REAL  VECTORCl :ALL} ,HIND(1 :2) , BANK (0: LIN) , 
ft  SPEED(0;LIN} ,XCN(0:LIN) ,YCN(0:LIN> ,XPLANE(0;LIN} , 
ft  YPLANE(0:LIH) ,RANCE<i:LIN) ,THETA(1 :LIM) ,KDG(0:LIH} . 
ft  QUADW(0:LIN) ,W(0:3) ,VK(0:LIN,1:LIN) 

COMMON  BANK , SPEED , XCN . YCN  »  XPLANE , YPLANE . RANGE . THETA , HOG 

COMMON  /WEIGHT/  QUADW.H.WK.k  i.M 
COMMON  /PRELIM/  RO.THETAO.NU.UO.io 

C  All  speeds  are  in  nm/niin  and  all  angles  are  in  radians. 

C  Initial  heading  and  x-y  position  for  the  CNMCA. 

HDG(0}«0 

XPUME(0}«0.0 

YPUNE(0)«0 
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C  Read  in  a  vector  containing  the  initial  guess  of  bank  and  speed 

C  CMHCA  should  be  in  during  the  maneuver.  Also  read  in  x-y 

C  position  for  the  cruise  missile  for  each  time  increment  of  the 
C  maneuver . 

OPEN ( 10 , FILE= ’ INPUT . DAT  * , STATUS= ’ OLD ’ ) 

DO  10  1=0, LIM 

READdO,*)  BANK(I)  .SPEED(I)  ,XCM(I)  .YCM(I) 

10  CONTINUE 

CLOSE(IO) 

C  Contains  nominal  values  of  range,  azimuth,  allowable  speed 
C  variance,  speed,  and  bank  angle  variance. 

OPEN ( 12 , FILE=  *  NOMI NAL . DAT  * ,STATUS= ‘ OLD » ) 

READ(12,*)  RO.THETAO.HU.UO,BO 
CL0SE<12) 

C  Wind  vector  in  its  two  x-y  components. 

OPEN  < 13 , FILE- • WIND . DAT  * , STATUS- *  OLD  0 
READ<13,*)  (WIND(I).  1-1,2) 

CL3SE(13) 

C  Adjustable  objective  function  vei^pits. 

0PEN(i4,FILE-'WEICHT.DAT* .STATUS-* OLD') 

READ(14,*)  (W(I),  1-0,3) 

CL0SE(14) 


C  At  this  point,  the  different  components  of  the  objective 
C  function  are  normalized  by  multiplying  the  variable  weights 
C  by  the  previously  calculated  normalizing  constants. 

W(0)  •  l.O-W(O) 

W(l)  •  22.797-W(l) 

W(2)  ■  19.312»W(2) 

W(3)  -  25.000-W(3) 

C  Adjustable  parabola  weights. 

OPEJK  IS, FILE* 'K . OAT ' .STATUS* 'OLD' ) 

REJtDClS.e)  X3,K4 
CLOSEClS) 
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C  Initialize  integration  veight  matrix. 

DO  30  1=0, LIM 
DO  20  J=1,LIH 
WK(I.J)=0 
20  CONTINUE 
30  CONTINUE 

C  Read  in  starter  integration  Height  matrix.  Trapezoidal  rule 
C  was  used . 

OPEN ( 1 6 , FI LE= » WK . DAT ‘ , STATUS® » OLD ’ ) 

DO  40  1=0,3 

READCie,*)  (WK(I,J),  J=l,3) 

40  CONTINUE 
CLOSECIG) 

DO  60  1=0,3 
DO  SO  J-1,3 
WK(I,J)»WK(I,J)*DT 
50  CONTINUE 
60  CONTINUE 

C  Generate  the  full  integration  veight  aatrix  for  the  entire 
C  maneuver . 

CALL  CEN(WK) 

C  Take  the  last  column  of  the  integration  weight  matrix  and  use 
C  it  for  the  quadrature  objective  function  weights. 

DO  70  I«0,L1M 

QUADN(I)=tfK(I,LIN)/OT 
70  CONTINUE 

C  Combine  inputted  speed  and  buik  into  single  vector  for  later  use 

C  in  the  optimization  routine. 

DO  80  1=1, LIN 

VECT0R(i)=SPEE0(l) 

VECTOa(LIN«I)=BAlK(X) 

80  CONTINUE 
END 
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******************************************************* 


C*  * 
C*  SUBROUTINE:  GEN  ♦ 
C*  * 
C*  DESCRIPTION:  Generates  the  full  integration  weight  matrix  * 
C*  from  the  inputted  starter  matrix.  The  size  of  * 
C*  the  generated  matrix  is  dependent  on  the  * 
C*  maneuver  length.  * 
C*  * 


Q«*««****«*«**««*«**«**»«**«#**«iti**«**«**«****««*«*««**«****#****«*««» 

SUBROUTINE  GEN(WK) 

INTEGER  LIH.ROW,COL,X,Y,I,COUMT 
PARAMETER  (LIH-78) 

REAL  tfK(0:LIM,l:LIM} 

X-2 

Y-2 

COUNT-0 

DO  20  COL-4, LIN 
I-l 

DO  10  ROU-O.LIN 

IF  (ROW  .LT.  X)  THEN 
WK(ROW.COL)-WK(ROW,X) 

EttDIP 

IF  (ROW  .EQ.  X)  THEN 

WK(ROW.COL)-WK(ROW,X}  ♦  WX(0,Y) 

ENDIF 

IF  (ROW  .CT.  X)  THEN 
WK(ROW,COL}-HK(I,Y) 

I-I^l 

ENOIF 

10  CONTINUE 

COUNT  •  COUNT  ♦  1 
IF  (Y  .EQ.  2)  THEN 
Y-3 
ELSE 
Y-2 
ENDIF 

IF  (COUNT  .EQ.  2)THEH 
X-X  ♦  2 


91 


C0UNT=0 
ENDIF 
20  CONTINUE 
END 


C******************************************************************** 

C*  ' 

C*  SUBROUTINE:  DECOMP 
C* 

C«  DESCRIPTION:  Decomposes  the  maneuver  vector  back  into  its 
C*  original  bank  and  speed  vectors. 

C* 

C««*****«e«**«***«*««*»«******e**»**«*»*******«**M**«*«***«**«****«* 

SUBROUTINE  DECONP(V) 

INTEGER  I.LIH.ALL 
PARAMETER  (L1M>78,ALL«}S6) 

REAL  V(1 :ALL} »BANK(0:LIN) ,SPEE0(0:LIH) 

COMMON  BANK  .SPEED  ,XCN  .YCM  .XPUNE.YPLANE  .RANGE  .THETA  .HDC 

DO  10  1*1. LIN 
SPBEO(n«V(I} 

BANK(I)*V(LIH«I) 

10  CONTINUE 
END 


Ce* 

C* 

C* 

C* 

C* 

C* 

C* 

C* 

c* 

c* 

Ce< 


SUBROUTINE:  COMP 


DESCRIPTION: 


Computes  CNMCA  position  and  heading  given  the 
bank  and  speed  vectors  for  the  maneuver. 

Also  cotq>utes  range  and  azimuth  from  the  CNMCA 
to  the  cruise  missile  giv.n  the  k‘y  position 
for  the  missile  for  the  entire  maneuver. 


SUBROUTINE  CONPCNIND.OT} 
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INTEGER  I,LIM.S,K3,K4 

REAL  DT . SUM 1 , SUM2 , SUM3 , TWOPI , ALPHA 

PARAMETER  (LIM=»78) 

REAL  WIHDd  :2)  ,BANK(0:HM)  ,SPEED(0:LIM)  ,XCM(0;LIM)  ,YCM(0:LIM) , 
k  XPLAKE(0:LIM) ,YPLAKE(0:LIM) ,RANGE(1 :LIM) ,THETA(1 :LIM) . 
k  HDG(0:LIM) .QUADH(0:LIM) ,H(0:3) .WK(0:LIM,1 :LIM) 

COMMON  B ANK ,  SPEED ,  XCM ,  YCM .  XPLANE .  YPUNE .  RANGE ,  THETA ,  HDG 
COMMON  /WEIGHT/  QUA0W.W.WK.K3.K4 

TH0PI»2*(AC0S(-1.)) 

SUM1»0 

SUM2«0 

SUM3»0 

DO  40  I»1,LIM 
DO  10  S»0,I 

SUHl-SUMl  ♦  WK{S,I)*19.05*TAN(BANK(S)>/SPEE&(S) 

10  CONTINUE 

H0C(I)»HDG(0)  ♦  SUKl 

C  Ensure  heading  list  bstvssn  0  and  2  pi. 

20  IF  (HOCd)  .CT.  TWOPOTHEN 

HOC(I)»HDC(I)-TWOPI 
GOTO  20 
BNOIF 

30  IF  (HDCd)  .LT.  -TWOPI  )TME« 

K0Cd)«H0Cd)4TW0PI 
GOTO  30 
ENOIF 
SUM1«0 
40  CONTINUE 

DO  GO  Nl.LIM 
DO  SO  $*>0,1 

SUN2*SUM2  '  SPEE0(S)*S1N(K0G(S))*WK(S,I} 

SUM3*SUN3  4  SP££0(S)4C0S(HDG(S))*VX(S,1) 

SO  CONTINUE 

XPLANEd)«XPLANE(0)  ♦  SUM2  ♦  WINOCD^DT*! 
YPtANEd)*YPLANE(0)  ♦  S0»3  ♦  WIN0(2)»0T*1 
SUN2*0 
Stm3«C 
60  CONTINUE 

DO  TO  I*1«L1M 

ftAN0£d}*SQaT((XCN(I}-»>LAitE(l))*42  ♦ 
t  (YCIId)-YPUNEd))*42) 
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C  The  angle  ALPHA  is  measured  from  the  North  (or  y)  axis  to  the 
C  cruise  missile.  Counterclockwise  from  the  y  axis  is  a  negative 

C  ALPHA,  clockwise  is  a  positive  ALPHA.  Because  of  the  TAN2 

C  function  ALPHA  ranges  only  from  pi  to  -pi. 

ALPHA*  ATAK2 (XCM ( I ) -XPLANE( I ) , YCH ( I ) -YPLANE( I ) ) 

THETA(I)*  ALPHA  -  HDG(I) 

C  Ensure  theta  remains  between  -pi  and  pi. 

IF  (THETAd)  .LT.  -TWOPI/2)  THETA(I)=THETA(I)  ♦  T«0PI 
IF  (THETA(I)  .<rr.  TWOPI/2)  THETA(I)aTHETA(I)  -  THOPI 

70  CONTINUE 
END 


C«e«******e4«*«**«***««*««*a««*««»«a*«»«*«**«**»*««««**e««e**»**«**«« 

C* 

C*  SUBROUTINE:  DELTA! 

C* 

C*  DESCRIPTION:  Computes  the  gradient  of  J  with  respect  to 
C*  velocity  and  bank  angle. 

C* 

C*««««*«e*a<><»aa*a<>*»««****«******e«a**»*»**«***»****a*«*«**««**«*»«** 

SUBROUTINE  OaTAJ(DELTJ,JSTOP,WlND,DT) 

INTEGER  I,K,K:i,M,KPl. COUNT 
PARAMETER  (LIt(*7R.ALL*lS0) 

REAL  BANK(0:LIN).SPEEO(0:LIN),XCN(0:LIN).YCN(0;L1N), 
t  XPLANE(0:LIN),YPt.ANE(0:LIM),RA;^CE()  :LIN),TNETA(l:LlN), 

A  M0Q(0:Llt0,tfIND(  t  :2)  .OELTJd  :ALL)  ,QUADW(0:LIN) , 

A  tf(0:3},WX(0:LlN,l:LlH}.0LO(l:ALL) 

REAL  JSTOP,RO.THErAO.NU.UO,BO,OT,TEMP.A,B,C,L,R.ANGL£, 

AN.O ,P,Q ,R,S,T,X ,y ,X,SUN.SUNI ,SUH2, SUMS ,SUtH  .SUNS 
CONNON  BANX.SPE£0,XCN.YCN.XPLANE,YPUNE.RANGE.TRErA,RDC 

CONNON  /PmiN/  R0.THETA0.NU.U0.80 
CONNON  /WEIGHT/  QUADW.H,HK.K3.K4 

SUN*0 

SUN1*0 

S0N2*O 


SUM3=0 

SUM4=0 

CALL  COMP (WIND. DT) 


C  Initialize  the  gradient  vector  to  zero. 

DO  10  1=1, ALL 
OLD(I)=DELTJ(I) 

DELTJ(I)=0 
10  CONTINUE 

DO  40  K=1,LIM 
KPL=K+LIM 
DO  30  1=1, LIM 

M=(RANGE(I)-RO) 

N=(THETA(I)-THETAO) 

S=(XCM(I)-XPLANE(I)) 

T=(YCM(I)-YPLANE(I)) 

IF  (K  .LE.  DTHEN 

IF  (I  .EQ.  K)THEN 

SUM1= (W(2) *2*K3/HU) * ( ( (SPEED(I ) -UO) /MU) ** (2*K3- 1 ) ) 
SUM2=(W(3)*2*K4/B0)*((BANK(I)/B0)**(2*K4-1)) 

ENDIF 

X=-SIN(HDG(K))*WK(K,I) 

Y=-19.05*TAN(BANK(K))/(SPEED(K)**(2)) 

Z=-COS(HDG(K))*WK(K,I) 

A=- 19 , 06*  < (1 /COS (BANK(K) ) ) **2) /SPEED(K) 

DO  20  L=K,I 

Q=SPEED(L)*COS(HDG(L))*WK(L,I)*WK(K,L) 

R=SPEED(L)*SIN(HDG(L))*WK(L,I)*WK(K,L) 

SUM3=  SUM3  +  Q 
SUM4=  SUM4  +  R 
20  CONTINUE 

0=(S*(X-(Y*SUM3)))+(T*(Z+(Y*SUM4))) 

P= ( ( (-S* (Z+ ( Y*SUM4) ) )+ (T* (X- ( Y*SUM3) ) ) ) / (S**2+T**2) ) - ( Y 
&  *WK(K,I)) 

SUHleSUHl  +  (2*M*0/(W(0)*RANGE(I)>)  ♦  (2*W(1)*P) 

B« (S* ( A*SUM3) ) + (T* (-A) *SUM4) 

C= ( ( (-S* ( (-A) *SUM4) ) + (T*A*SUM3) ) / (S**2+T**2) ) + ( A*WK (K , I) ) 
SUM2«SUH2  +  (2*M*B/(H(0)*RANGE(I)))  ♦  (2*W(1>*M*C) 

ENDIF 

0  Sum  the  gradient  vector  for  velocity. 
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DELTJ(K)=DELTJ(K)  +  QUADW(I)*SUM1 


C  Sum  the  gradient  vector  for  bank  angle. 

DELTJ(KPL)«DELTJ(KPL)  +  QUADW(I)*SUM2 
SUM 1=0 
SUM2=0 
SUM3=0 
SUM4=0 
30  CONTINUE 
40  CONTINUE 

C  Compute  the  slope  of  the  gradient  for  each  time  unit. 

DO  50  1=1, ALL 

TEHP=DELTJ(I)**2 
SUM=  SUM  +  TEMP 
50  CONTINUE 

JSTOP=SQRT(SUM) 

C  Compute  the  normalized  gradient  of  J. 

DO  60  I-1,ALL 

DELT J ( I ) -DELT J ( I ) / JSTOP 
60  CONilNUE 

IF  (COUNT  .EQ.  1)  THEN 
DO  70  I-1,ALL 

SUMS-OLDCn^-DELTJd) 

ANGLE-ANGLE  *  SUNS 
70  CONTINUE 
ENDIF 
COUNT- 1 

C  ANGLE«(ACOS(ANCLE) )«160/AC0S(-1 . ) 

C  WRITE(20,*}  * ANCLE  -  ANGLE 

C  ANCL£->0 

END 
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Q*^i^cHijtit************************m************************************** 


c* 

* 

c* 

SUBROUTINE; 

VLAHBDA 

* 

c* 

* 

c* 

DESCRIPTION: 

Computes  a  new  column  of  the  maneuver  vector 

* 

c* 

foi  each  increment  along  the  gradient. 

* 

c* 

* 

C*******************************^****************:^******************** 

SUBROUTINE  VLAMDA (VECTOR , VLAMB , WIND , DT , BELT J , ITER) 

INTEGER  I,ALL,LIM,Q,K3.K4,ITER 
PARAMETER  (LIM=78,ALL»156) 

REAL  WIND ( 1 : 2 ), V ( 1 : ALL) .BANK (0 : LIM) , SPEED (0 : LIH ) . 

A  XCM(0:LIH)  .YCM(0:LIM)  ,XPUNE(0:LIM)  ,YPLANE(0:LIM) , 

4  RANGECl :LIM) ,THETA(1:LIM) ,HDG(0:LIH) ,QUADW(0:LIM) , 

4  W(0:3),WK(0:LIM,1:LIM),GLAMB,VLAMB(1:ALL) 

REAL  VECTORCl : ALL) .DELTJCl :ALL) 

REAL  J.DT.RO.THETAO.MU.UO.BO.STEP 

COMMON  BANK , SPEED , XCM , YCM , XPLANE , YPLANE .RANGE , THETA , HDG 
COMMON  /PRELIM/  RO.THETAO.MU.UO.BO 

COMMON  /WEIGHT/  QUADH,W,HK,K3,K4 

CALL  GLAMDA(VECTOR.J,WIND,DT) 

WRITE(20.*)  ITER.J 
PRINT  •.ITER.J 

STEP**  l./(  1000.) 

PRINT  *,*STEP  »  ’.STEP 

S  DO  10  I«1,ALL 

VLAMB  < I ) ■ VECTOR( I ) -STEP*OELTJ ( I ) 

10  CONTINUE 

CALL  CLANDA(VLAKB.GUHB.HIND.DT) 

PRINT  *.GUNB 

C  WRITE(20.*)  •  ’.GLAKB 

IF  (GLAMB  .GT.  J)  THEN 
GOTO  100 
ENDIF 

3  >  GLAKB 
DO  60.  I-l.ALL 

VECTORd)  «  VLAKBCI) 

SO  CONTINUE 
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GOTO  5 


100  RETURN 
END  . 


SUBROUTINE:  JCOMP 


C********************************************************************* 

c* 
c* 
c* 
c* 
c* 
c* 


* 
* 
* 
* 
* 
* 

Qinnti*:t*iiHf************************************************************* 


DESCRIPTION: 


Computes  a  new  objective  function  value  given 
the  appropriate  inputs. 


SUBROUTINE  JCOMP(J) 

INTEGER  I,LIM,K3,K4 
PARAMETER  <LIM«78) 

REAL  SUM,RO,THETAO,UO,MU,BO,J 

REAL  qUADW(0:LIN) ,W(0:3) ,WK(0:L1M,1:LIM) ,BANK(0:LIH) , 
ASPEED(0 : L*M) , XCM(0 : LIM) , YCM(0 : LIM) , XPLANE(0 : LIM) , 
tYPLANE(0:LIH),RANGE(l:LIM),THETA(l:LIM),HDG(0:LIM) 
COMMON  BANK . SPEED . XCK , YCM , XPLANE . YPLANE , RANGE , THETA , HDG 
COMMON  /PLELIW/  hO.THETAO.MU,UO,BO 
COMMON  /WEIGHT/  qUA0V!,W.WK.K3,K4 


>0 

DC  10  I-1,LIK 

SUH-W(0)>(RANGE(I)-R0)**2  ♦  W(l)*(THETA(I)-THETA0)**2 
k  +  H(2)*<((SPEED(I)-U0}/My)**(2*K3)) 
k  Wl3)*((BAHK(I)/BC)**(2*K4>) 

J»  J  ♦  QUADW(I)*SUH 
10  CONTINUE 
END 
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C*************************************************.t******************* 


c* 

* 

c* 

SUBROUTINE: 

GLAHBDA 

* 

c* 

* 

C* 

DESCRIPTION: 

Computes  the  new  objective  function  value  for 

* 

c* 

each  new  vector  generated  in  the  subroutine 

* 

C* 

VLAMBDA.  These  values  are  evaluated  back  in 

* 

c* 

the  subroutine  VLAMBDA. 

* 

C* 

* 

(;ittiti:t^it[4c:)i4t*4tit<^#***>t<>t<*****iti*****4i>ti>i<**i4iii<*4i******4>****i)i**iti«il<****4i%iti**4<**it<** 

SUBROUTI KE  GLAMDA ( VLAMB , GLAMB , WIND , DT) 

INTEGER  I.ALL,LIH,Q.K3,K4 
PARAMETER  (LIH=78,ALL=156) 

REAL  WIND(1:2),V(1:ALL).BANK(0:LIH),SPEED(0:LIM), 

*XCM(0:LIM) ,YCM(0:LIM) ,XPLANE(0:LIM) ,YPLANE(0:LIH) , 

*RANGE( 1 : LIM) .THETA ( 1 : LIM) , HDG(0 : LIM) , QUADH(0 : LIM) , 
*H(0:3),WK(0;LIM,1:LIM), GLAMB, VLAMB(1:ALL) 

REAL  J.DT.RO.THETAO.HU.UO.BO 

COMMON  BANK , SPEED , XCM , YCM , XPLANE , YPLANE , RANGE , THETA , HDG 
COMMON  /PRELIM/  RO,THETAO,MU,UO,BO 
COMMON  /WEIGHT/  qUADH.U.WK.K3.K4 

CALL  DECOMP (VLAMB) 

CALL  COMP(WIND,DT) 

CALL  JCOMP(J) 

GLAMB  -  J 
20  CONTINUE 
RETURN 
END 


c* 

c*  SUBROUTINE:  CHECK 
C* 

C*  DESCRIPTION:  Checks  to  see  if  the  stopping  criteria  have 
Ce  been  net.  Output  is  generated  if  they  have. 

C* 

C**e**e**eeeeeeeeeee**e*ee**e*e***eee*ee**«e*«eeee*«*4ie**«**ee***eee* 
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SUBROUTINE  CHECK ( LAMBOP , JSTOP , VECTOR , ITER) 


INTEGER  ITER,ALL,LIM,I,K3.K4 
PARAMETER  (LIM=78,ALL=156) 

REAL  JSTOP . LAMBOP , RO , THETAO . UO , MU , BO 
REAL  NEWV ( 1 : ALL) , VECTOR ( 1 : ALL) .BANK (0 : LIH) , SPEED(0 : LIM) , 
ftXCM (0 ; LIM) . YCM (0 : LIM) , XPLANE(0 : LIM) , YPLANE(0 : LIM) , 
ftRANGEd :LIM) ,THETA(1 :LIM) ,HDG(0:LIM) .QUADW(0:LIM) , 
i;W(0:3),WK(0:LIM,l:LIM) 

COMMON  BANK , SPEED , XCM , YCM , XPLANE . YPLANE , RANGE . THETA , HDG 
COMMON  /PRELIM/  RO. THETAO. MU, UO. BO 
COMMON  /WEIGHT/  QUADW,W,WK.K3,K4 

PRINT  ♦,  ITER.  JSTOP 
WRITE(20,*)  ITER, JSTOP 
LAMBOP  =  10 

IF  ((ABS (LAMBOP)  .LT.  . 1) .AND. (JSTOP  .LT.  .1))  THEN 
ITER=ITER  +  1 
CALL  OUTPUTdTER, JSTOP) 

ELSE 

IF  (ITER  .EQ.  20)  THEN 
CALL  OUTPUTdTER, JSTOP) 

ENDIF 

ENDIF 

ITER-ITER  +  1 
END 


c* 

c* 

SUBROUTINE: 

OUTPUT 

c* 

c* 

DESCRIPTION: 

Changes  values  of  radians  and  nm/mln  back  to 

c* 

degrees  and  knots.  Outputs  the  final  bank  and 

c* 

speed  vectors  the  program  determined  as  being 

c* 

optimal.  Another  file  is  generated  to  look  at 

c* 

the  results  graphically. 

c* 

SUBROUTINE  OUTPUTdTER, JSTOP) 

100 


INTEGER  I,ITER,LIH,K3,K4 
PARAMETER  (LIM«78) 

INTEGER  E(1:LIM),F(1:LIH) 

REAL  RO,THETAO,UO,MU,BO 

REAL  JRANGE.JTHETA.JSPEED.JBANK 

REAL  BANK(0:LIM) .SPEED(0:LIM) .XCM(0:LIM) ,YCM(0:LIM) , 
&XPLANE(0:LIM) ,YPLANE(0:LIM) ,RANGE(1 :LIH) ,THETA(1 :LIM) , 
4HDG(0:LIM),QUADH(0:LIH),W(0:3),WK(0:LIH,1:LIM) 

REAL  A,B,C,D, PI, LIMIT, JSTOP 

REAL  RADSUM,RADPER,STRUCSUM,STRUCPER 

COMMON  BANK , SPEED , XCM , YCM , XPLANE , YPLANE , RANGE . THETA , HDG 

COMMON  /PRELIM/  RO,THETAO,MU,UO,BO 

COMMON  /WEIGHT/  QUADW,H,WK,K3,K4 

PI=ACOS(-l.) 

RADSUM=0.0 

STRUCSUM=0.0 

LIMIT=REAL(LIM) 

JRANGE=0.0 

JTHETA=0.0 

JSPEED=0.0 

JBANK=0.0 

OPEN  <21 , FILE- » RESULTS , OUT » .STATUS- » NEW ‘ ) 

OPEN  <22 , FILE- » PLOT . OUT  * .STATUS- » NEW  * ) 

OPEN  <23 . FILE- *  JCALC . OUT ' .STATUS- » NEW ‘ ) 

WRITE<21.*)  »JSTOP  ■  '.JSTOP 
WRITE<21,10)  ITER 

10  FORMAT<lX.»i  ITERATIONS  -  ',13  //) 

WRITE<21,*)*  T  BANK  SPEED  RANGE 
A 'THETA  RADAR  STRUCT' 

WRITE<21.*)  ’  ' 

WRITE<23.*)  •  JRANCE  JTHETA  JSPEED  JBANK', 
*'  RADAR  STRUCT' 

DO  60  I-l.LIN 
E<I)«1 
F<I)-1 
A-I*.l 

B-BANK<I)«180/3.141S9 
C-SPEED<I)*60 
D-THETA<I)*180/3. 14159 

C  Chack  to  so*  if  mlasils  is  within  radar  dstaction  limits. 

C  Writs  a  1  if  it  is,  writs  a  0  if  it  is  not. 
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IF  ((RANGE(I)  .LT.  5.0)  .OR.  (RANGE(I)  .GT.  15.0))  THEN 
GOTO  20 
ENDIF 

IF  ((D  .LT.  -60)  .OR.  (D  .GT.  60))  THEN 
GOTO  20 
ELSE 

GOTO  30 
ENDIF 

20  E(I)*0 

RADSUM=RADSUM+1 .0 

C  Check  to  see  if  CMMCA  is  within  structural  limits. 

C  Write  a  1  if  it  is,  write  a  0  if  it  is  not. 

C 

30  IF  ((B  .LT.  -30.0)  .OR.  (B  .GT.  30.0))  THEN 
GOTO  40 
ENDIF 

IF  ((C  .LT.  320)  .OR.  (C  .GT.  480))  THEN 
GOTO  40 
ELSE 

GOTO  50 
ENDIF 

40  F<I)«0 

STRUCSUM-STRUCSUH+1 

SO  HRITE<21,70)  A,B,C,RANCE<I) ,D,E(I) ,F(I) 

60  CONTINUE 

70  F0RMAT(F4.1,4(2X,F7.l),6X,Il,6X,H) 

RADPER-100*(1- (RADSUM/LIMIT) ) 

WRITE(21,*)»  » 

WRITE(21,*)'CN  IN  RADAR  CONE  *,RADPER,'  PERCENT* 

STRUCPER-100* ( 1-<STRUCSUM/LIHIT) ) 

WRIi'E(21,*)»CMHCA  W/IN  STRUCTURAL  LIMITS  »,STRUCPER,*  PERCENT' 

C  Write  the  file  used  to  graphically  display  optimal  flight 
C  path  for  the  CMMCA  and  the  cruise  missile  flight  path. 

DO  80  I>0,LIM 

WRITE(22.90)  XPLANE(I) ,YPLANE(I) ,XCN(I).YCM(I) 
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80  CONTINUE 
90  F0RMAT(4(3X,F8.2)) 

C  Write  the  file  used  to  graphically  display  the  objective 

C  function  components  for  the  optimal  flight  path. 

DO  100  1=1, LIH 

JRANGE  =  QUADW(I)*W(0)#((RANGE(I)-R0)**2) 

JTHETA  =  QUADW(I)*W(1)*((THETA(I)-THETA0)*^2) 

JSPEED  =  QUADW(I)*W(2)*«(SPEED(I)-U0)/MU)**(2*K3)) 
JBANK  =  QUADH(I)*W(3)*((BANK(I)/B0)**(2*K4)) 

WRITE ( 23 , 1 1 0 )  JRANGE , JTHETA . JSPEED , JBANK. E(I),F(I) 

100  CONTINUE 

110  F0RMAT(4(1X.F10.4) ,6X.I1,7X,I1) 

STOP 

END 
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Appendix  D.  Graphical  Output  of  Preliminary  Results 


This  appendix  contains  all  graphical  output  from  the  preliminary  runs.  The 
preliminary  runs  were  done  using  weights  of  one  for  all  the  objective  functional 
components  and  a  nominal  distance  of  eight  nauti^- ■  miles.  This  appendix  has  the 
results  for  each  of  the  four  flight  paths,  which  were  all  run  using  both  the  straight  and 
trailing  initial  CMMCA  flight  path.  For  every  run,  there  is  a  plot  of  the  CMMCA 
flight  path  relative  to  the  cruise  missile  flight  path,  and  the  plot  of  the  overall  J 
value  at  each  iteration  of  the  program. 


101 


Kigurr  17.  Path  1  CMMCA 


JSTOP  =  447.3045 

i  ITERATIONS  =  150 


T 

BANK 

SPEED 

RANGE 

THETA 

RADAR 

STRUCT 

0.1 

-4.6 

399.7 

8.0 

0.7 

1 

1 

0.2 

-4.1 

399.6 

3.0 

2.0 

1 

1 

0.3 

-3.5 

399.4 

8.0 

3.3 

1 

1 

0.4 

-3.1 

399.3 

8.0 

4.6 

1 

1 

0.5 

-2.6 

399.2 

8.0 

5.7 

1 

1 

0.6 

-2.2 

399.1 

8.0 

6.9 

1 

1 

0.7 

-1.9 

399.0 

8.0 

7.9 

1 

1 

0.8 

-1.6 

398.9 

8.0 

8.9 

1 

1 

0.9 

-1.2 

398.8 

8.0 

9.9 

1 

1 

1.0 

-0.9 

398.7 

8.1 

10.8 

1 

1 

1.1 

-0.6 

398.6 

8.1 

11.6 

1 

1 

1.2 

-0.3 

398.5 

8.1 

12.4 

1 

1 

1.3 

0.0 

398.3 

3.1 

13.0 

1 

1 

1.4 

0.4 

398.1 

8.1 

13.6 

1 

1 

l.S 

0.8 

397.9 

8.1 

14.0 

1 

1 

1.6 

1.2 

397.7 

8.2 

14.3 

1 

1 

1.7 

1.7 

397.4 

8.2 

14.5 

1 

1 

1.8 

2.2 

397.1 

8.2 

14.4 

1 

1 

1.9 

2.8 

396.7 

8.2 

14.6 

1 

1 

2.0 

3.5 

396.3 

8.2 

15.2 

1 

1 

2.1 

4.2 

395.8 

8.3 

15.9 

1 

1 

2.2 

4.9 

395.3 

8.3 

16.8 

1 

1 

2.3 

6.7 

394.7 

8.3 

17.9 

1 

1 

2.4 

6.S 

394.0 

8.3 

19.1 

1 

1 

2.5 

7.3 

393.3 

8.3 

20.4 

1 

1 

2.6 

8.2 

392.5 

8.3 

21.8 

1 

1 

2.7 

9.1 

391.7 

6.3 

23.2 

1 

1 

2.8 

10.0 

390.8 

8.2 

24.6 

1 

1 

2.9 

10.9 

389.8 

6.2 

26.0 

1 

1 

3.0 

11.9 

388.8 

8.2 

27.3 

1 

1 

3.1 

12.8 

387.7 

8.2 

28.5 

1 

1 

3.2 

13.8 

386.6 

8.1 

29.6 

1 

1 

3.3 

14.8 

385.5 

8.1 

30.5 

1 

1 

3.4 

16.6 

384.3 

8.0 

31.3 

1 

1 

3.8 

16.7 

383.2 

8.0 

31.8 

1 

1 

3.6 

17.7 

382.1 

7.9 

32.2 

1 

1 

3.7 

18.6 

381.0 

7.9 

32.3 

1 

i 

3.8 

19.4 

380.1 

7.8 

32.2 

1 

1 

3.9 

20.1 

379.3 

7.8 

31.8 

1 

1 

4.0 

20.8 

378.6 

7.7 

31.3 

1 

1 

107 


4.1 

21.3 

378.2 

7.7 

30.6 

1 

1 

4.2 

21.7 

378.0 

7.6 

29.7 

1 

1 

4.3 

21.9 

378.0 

7.5 

28.8 

1 

1 

4.4 

21.9 

378.3 

7.4 

28.0 

1 

1 

4.5 

21.6 

378.8 

7.3 

27.0 

1 

1 

4.6 

21.2 

379.6 

7.2 

26.3 

1 

1 

4.7 

20.6 

380.6 

7.1 

25.5 

1 

1 

4.8 

19.8 

381.8 

6.6 

21.6 

1 

1 

4.9 

18.8 

383.1 

7.1 

23.3 

1 

1 

5.0 

17.7 

384.5 

7.1 

22.1 

1 

1 

5.1 

16.5 

386.0 

7.1 

20.8 

1 

1 

5.2 

15.3 

387.4 

7.1 

19.4 

1 

1 

5.3 

14.0 

388.7 

7.2 

18.1 

1 

1 

5.4 

12.9 

390.0 

7.2 

16.7 

1 

1 

5.5 

11.7 

391.2 

7.2 

15.4 

1 

1 

5.6 

10.6 

392.2 

7.3 

14.1 

1 

1 

5.7 

9.5 

393.2 

7.3 

12.8 

1 

1 

S.8 

8.5 

394.1 

7.3 

11.7 

1 

1 

5.9 

7.6 

394.9 

7.3 

10.5 

1 

6.0 

6.7 

395.7 

7.3 

9.5 

1 

6.1 

5.9 

396.3 

7.4 

8,6 

1 

6.2 

5.1 

396.9 

7.4 

7.7 

1 

6.3 

4.4 

397.3 

7.4 

6.9 

1 

6.4 

3,8 

397,8 

7.4 

6.1 

1 

6.5 

3.2 

398.1 

7.4 

5.5 

6.6 

2,7 

398.4 

7.4 

4.9 

1 

6.7 

2.3 

398.7 

7.4 

4.4 

1 

6.8 

1.9 

398.9  7.4 

3.9 

1 

6.9 

1.5 

399.1 

7.4 

3.6 

1 

7.0 

1.2 

399.3 

7.4 

3.2 

1 

7.1 

0.9 

399.4 

7.4 

3.0 

1 

7.2 

0.7 

399.5 

7.4 

2.7 

i 

7.3 

0.5 

399.6 

7.4 

2.6 

1 

7.4 

0.3 

399.7 

7.4 

2.4 

1 

0.2 

399.8 

7.4 

2.3 

1 

7.6 

0.1 

399.9 

7.4 

2.2 

1 

7.7 

0.0 

399.9 

7.4 

2.1 

1 

7.8 

0.0 

400.0 

7.4 

2.1 

CM  III  RADAR  CORE  100.0000  PERCERT 

QIMCA  R/IH  STRUCTURAL  LIMITS  100.0000  PERCERT 
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JSTOP 

=  455, 

.9345 

#  ITERATIONS  = 

150 

T 

BANK 

SPEED 

RANGE 

THETA 

RADAR 

STRUCT 

0.1 

-3.9 

398.6 

8.0 

0.6 

1 

1 

0.2 

-3.5 

398.6 

8.0 

1.8 

1 

1 

0.3 

-3.1 

398.5 

8.0 

2.9 

1 

1 

0.4 

-2.7 

398.4 

8.0 

4.0 

1 

1 

0.6 

-2.4 

398.4 

8.0 

5.0 

1 

1 

0.6 

-2.0 

398,4 

8.0 

6.0 

1 

1 

0.7 

-1.7 

398.3 

8.0 

6.9 

1 

1 

0.8 

-1.4 

398.3 

8.0 

7.8 

1 

1 

O.O 

-1.1 

398.2 

8.0 

8.7 

1 

1 

1.0 

-0.8 

398.2 

8.1 

9.5 

1 

1 

1.1 

-0.5 

398.2 

8.1 

10,2 

1 

1 

1.2 

-0.2 

398.1 

8.1 

10.8 

1 

1 

1.3 

0.1 

398.0 

8.1 

11.4 

1 

1 

1.4 

0.4 

398.0 

8.1 

11.8 

1 

1 

1,5 

0.8 

397.9 

8.1 

12.2 

1 

1 

1.6 

1.2 

397.8 

8.1 

12.4 

1 

1 

1.7 

1.6 

397.7 

8.2 

12.5 

1 

1 

1.8 

2.0 

397.5 

8.2 

12.4 

1 

1 

1.9 

2.5 

397.3 

8.2 

12.6 

1 

1 

2.0 

3.0 

397.1 

8.2 

13.2 

1 

1 

2.1 

3.5 

396.9 

8.2 

14.1 

1 

1 

2.2 

3.9 

396.7 

8.2 

15.3 

1 

1 

2.3 

4.4 

396.5 

8.2 

16.7 

1 

1 

2.4 

4.8 

396.3 

8.2 

18.5 

1 

1 

2.8 

5.2 

396.1 

8.2 

20.4 

1 

1 

2.6 

5.5 

395.9 

8.2 

22.7 

1 

1 

2.7 

5.8 

395.7 

8.2 

25.2 

1 

1 

2.8 

6,0 

395.6 

8.2 

28.0 

1 

1 

2.9 

15.1 

385.4 

8.1 

29.7 

1 

1 

3.0 

15.2 

384.6 

8.1 

30.0 

1 

1 

3.1 

15.6 

383.5 

8.1 

30.3 

1 

1 

3.2 

16.1 

382.4 

8.1 

30.6 

1 

1 

3.3 

16.4 

381.6 

8.1 

30.9 

1 

1 

3.4 

16.8 

380.6 

8.0 

31.1 

1 

1 

3.S 

17.4 

379.5 

8.0 

31.3 

1 

1 

3.6 

18.0 

378.6 

8.0 

31.3 

1 

1 

3.7 

18.4 

377.9 

7.9 

31.3 

1 

1 

3.8 

19.0 

377.0 

7.9 

31.1 

1 

1 

3.9 

19.7 

376.2 

7.8 

30.7 

1 

1 

4.0 

20.0 

375.9 

7.7 

30.3 

1 

1 
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4.1 

20.3 

375.7 

4.2 

20.7 

375.5 

4.3 

20.9 

375.6 

4.4 

20.8 

376.1 

4.5 

20.8 

376.5 

4.6 

20.6 

377.1 

4.7 

20.1 

378.2 

4.8 

19.6 

379.4 

4.9 

19.0 

380.5 

5.0 

18.6 

381.5 

5.1 

17.5 

383.3 

5.2 

16.9 

384.5 

5.3 

16,4 

385.7 

5.4 

16.3 

386.4 

5.5 

13.8 

389.4 

5.6 

15.0 

389.1 

5.7 

5.3 

397.0 

5.8 

5.0 

397.3 

5.9 

4.6 

397.5 

6.0 

4.3 

397.8 

6.1 

3.9 

398.0 

6.2 

3.6 

398.2 

6.3 

3.3 

398.4 

6.4 

3.0 

398.6 

6.6 

2.7 

398.8 

6.0 

2.4 

398.9 

6.7 

2.1 

399.1 

6.8 

1.9 

399.2 

6.9 

1.6 

399.3 

7.0 

1.4 

399.4 

7.1 

1.2 

399.5 

7.2 

1.0 

399.6 

7.3 

0.8 

399.7 

7.4 

0.6 

399.7 

7.6 

0.4 

399.8 

7.6 

0.3 

399.9 

7.7 

0.1 

399.9 

7.8 

0.0 

400.0 

7.7  29.7  1  1 

7.6  29.1  1  1 

7.5  28.5  1  1 

7.4  28.0  1  1 

7.3  27.3  1  1 

7.2  26.9  1  1 

7.1  26.3  1  1 

6.6  22.5  1  1 

7.1  24.3  1  1 

7.1  22.8  1  1 

7.1  21.2  1  1 

7.2  19.3  1  1 

7.2  17.2  1  1 

7.2  14.8  1  1 

7.3  12.3  1  1 

7.3  9.7  1  1 

7.3  8.1  1  1 

7.3  7.8  1  1 

7.3  7.5  1  1 

7.3  7.2  1  1 

7.3  6.8  1  1 

7.3  6.5  1  1 

7.4  6.1  1  1 

7.4  5.8  1  1 

7.4  6.5  1  1 

7.4  5.2  1  1 

7.4  4.9  1  1 

7.4  4.6  1  1 

7.4  4.3  1  1 

7.4  4.1  1  1 

7.4  3.9  1  1 

7.4  3.7  1  1 

7.4  3.6  1  1 

7.4  3.6  1  1 

7.4  3.4  1  1 

7.4  3.4  1  1 

7.4  3.4  1  1 

7.4  3.4  1  1 
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JSTOP  =  249.8399 


#  ITERATIONS  = 

150 

T 
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1 

1 
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1 

1 
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1 

1 

1.9 
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1 

1 
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11.0 

1 

1 

2.1 

4.6 

399.9 

8.1 

11.6 

1 

1 
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5.3 

399.7 

8.1 

12.2 

1 

1 
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6.1 
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8.0 

13.1 

1 

1 
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8.0 

14.2 

1 

1 
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7.6 

399.0 

8,0 
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1 

1 
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398.8 

7.9 
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1 

1 
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9.2 

398.4 

7.9 

18.0 

1 

1 

2.8 

10.0 

398.1 

7.8 

19.5 

1 

1 

2.9 

10.7 

397.7 

7.7 

21.1 

1 

1 

3.0 

11.5 

397.2 

7.6 

22.7 

1 

1 
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12.3 

396.7 

7.5 

24.3 

1 
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13.1 
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7.6 

26.0 

1 
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13.8 

395.4 

7.4 

27.7 

1 

1 

3.4 

14.6 

394.7 

7.3 

29.4 

1 

1 

3.5 

15.3 

393.9 

7.2 

31.0 

1 

1 

3.6 

16.0 

393.0 

7.2 

32.7 

1 

1 

3.7 

16.7 

392.0 

7.1 

34.2 

1 

1 

3.8 

17.4 

390.9 

7.1 

36.7 

1 

1 

3.9 

18.0 

389.7 

7.1 

37.1 

1 

1 

4.0 

18.6 

388.5 

7.1 

38.3 

1 
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13.1  S.3  400.1  14.5  263.6  0  1 

13.2  5.1  400.1  15.1  261.0  0  1 

13.3  4.9  400.1  15.8  258.6  0  1 

13.4  4.7  400.1  16.5  256.3  0  1 

13.5  4.3  400.1  17.2  254.2  0  1 

13.6  4.0  400.1  17.8  252.5  0  1 

13.7  3.6  400.1  18.4  251.1  0  1 

13.8  3.1  400.1  19.0  250.0  0  1 

13.9  2.6  400.1  19.5  249.1  0  1 

14.0  2.1  400.0  19.9  248.5  0  1 

14.1  1.5  400.0  20.2  248.1  0  1 

14.2  0.9  400.0  20.5  247.9  0  1 

14.3  0.2  400.0  20.7  247.9  0  1 

14.4  -0.5  400.0  20.8  248.0  0  1 

14.5  -1.2  400.0  20.8  248.2  0  1 

14.6  -2.0  400.0  20.7  248.6  0  1 

14.7  -2.7  399.9  20.6  249.1  0  1 

14.8  -3.6  399.9  20.4  249.6  0  1 

14.9  -4.4  399.9  20.1  250.2  0  1 

15.0  -5.3  399.9  19.8  250.8  0  1 

16.1  -6.1  399.8  19.4  251.4  0  1 

16.2  -7.0  399.8  18.9  251.9  0  1 

16.3  '7.9  399.8  18. S  252.4  0  1 

15.4  -8.8  399.7  18.0  252.7  0  1 

16.5  -9.7  399.7  17.6  252.8  0  1 

16.6  -10.6  399.6  17.1  253.0  0  1 

15.7  -11.6  399.6  16.7  253.3  0  1 

15.8  -12.4  399.6  16.3  253.6  0  1 

16.9  -13.2  399.6  16.9  264.0  0  1 

16.0  -14.1  399.4  16.6  254.4  0  1 

16.1  -14.9  399.4  16.}  264.9  0  1 

16.2  -16.6  399.3  14.7  256.3  0  1 

16.3  -16.4  399.2  14.4  266.8  0  1 

16.4  -17.1  399.2  14.1  256.2  0  1 

16.6  -17.7  399.1  13.8  256.6  0  I 

16.6  -18.3  399.1  13.6  256.9  0  I 

16.7  -18.8  399.0  13.4  267.2  0  I 

16.8  -19.2  399.0  13.2  267.6  0  1 

16.9  -19.6  399.0  13.0  258.1  0  1 

17.0  -19.6  398.9  12.7  258.6  0  1 

17.1  -19.7  398.9  12.4  269.0  0  1 

17.2  -19.6  398.9  12.1  259.4  0  1 

17.3  -19.4  398.8  11.8  259. 7  0  1 

17.4  -19.2  398.8  1J.6  259.9  0  1 

17.6  -18.9  398.8  kl.l  259.8  0  1 
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Figure  31.  Path  4  CMMCA  and  CM  Paths,  CMMCA  Starting  TVailing 
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0 

1 

24.7 

6.8 

399.5 

3.0 

61.1 

0 

1 

24.8 

6.9 

399.5 

3.3 

77.3 

0 

1 

24.9 

7.0 

399.5 

3.9 

89.2 

0 

1 

25.0 

7.1 

399.5 

4.6 

97.1 

0 

1 

25.1 

7.2 

399.5 

5.3 

102.3 

0 

1 

25.2 

7.2 

399.6 

6.2 

105.6 

0 

1 

25.3 

7.3 

399.5 

7.0 

107.6 

0 

1 

25.4 

7.4 

399.6 

7.8 

109.8 

0 

1 

25.5 

7.4 

399.6 

8.7 

109.4 

0 

25.6 

7.4 

399.6 

9.5 

109.6 

0 

1 

25.7 

7.4 

399.6 

10.4 

110.2 

0 

1 

25.8 

7.4 

399.6 

11.2 

110.0 

0 

1 

25.9 

7.3 

399.6 

12.0 

109.2 

0 

1 

26.0 

7.2 

399.6 

12.7 

108.1 

0 

1 

26.1 

7.0 

399.6 

13.4 

106.7 

0 

1 

26.2 

6.9 

399.6 

14.0 

105.1 

0 

1 

26.3 

6.6 

399.6 

14.4 

103.3 

0 

1 

26.4 

6.4 

399.7 

14.8 

101.6 

0 

i 

26.5 

6.1 

399.7 

IS.l 

99.8 

0 

1 
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26.6 

5.8 

399.7 

15.2 

98.0 

0 

1 

26.7 

5.4 

399.7 

15.3 

96.4 

0 

1 

26.8 

5.1 

399.7 

15.2 

94.9 

0 

1 

26.9 

4.8 

399.7 

15.1 

93.6 

0 

1 

27.0 

4.4 

399.8 

14.9 

92.5 

0 

1 

27.1 

4.1 

399.8 

14.6 

91.5 

0 

1 

27.2 

3.8 

399.8 

14.4 

90.6 

0 

1 

27.3 

3.5 

399.8 

14.1 

89.8 

0 

1 

27.4 

3.1 

399.8 

13.8 

89.1 

0 

1 

27.5 

2.8 

399.8 

13.5 

88.4 

0 

1 

27.6 

2.5 

399.9 

13.3 

87.9 

0 

1 

27.7 

2.2 

399.9 

12.9 

87.5 

0 

1 

27.8 

2.0 

399.9 

12.6 

87.2 

0 

1 

27.9 

1.7 

399.9 

12.3 

86.9 

0 

1 

28.0 

1.4 

399.9 

12.0 

86.8 

0 

1 

28.1 

1.2 

399.9 

11.7 

86.7 

0 

1 

28.2 

0.9 

399.9 

11.3 

86.8 

0 

1 

28.3 

0.7 

400.0 

11.0 

86.9 

0 

1 

28.4 

0.4 

400.0 

10.7 

87.1 

0 

1 

28. 

0.2 

400.0 

10.3 

87.4 

0 

1 

28.6 

0.1 

400.0 

10.0 

87.8 

0 

1 
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JSTOP  =  6112.035 

#  ITERATIONS  =  150 


T 

BANK 

SPEED 

RANGE 

THETA 

RADAR 

STRUCT 

0.1 

0.1 

400.2 

8.0 

0.0 

1 

1 

0.2 

0.1 

400.2 

8.0 

0.0 

1 

1 

0.3 

0.1 

400.2 

8.0 

-0.1 

1 

1 

0.4 

0.1 

400.2 

8.0 

-0.1 

1 

1 

0.5 

0.1 

400.2 

8.0 

-0.1 

1 

1 

0.6 

0.1 

400.2 

8.0 

-0.2 

1 

1 

0.7 

0.1 

400.2 

8.0 

-0.2 

1 

1 

0.8 

0,1 

400.2 

8.0 

-0.2 

1 

1 

0.9 

0.1 

400.2 

8.0 

-0.3 

1 

1 

1.0 

0.1 

400.2 

8.0 

-0.3 

1 

1 

1.1 

0.1 

400.2 

8.0 

-0.3 

1 

1 

1.2 

0.1 

400.2 

8.0 

-0.4 

1 

1 

1.3 

0.1 

400.2 

8.0 

-0.4 

1 

1 

1.4 

0.1 

400.2 

8.0 

-0.5 

1 

1 

1.5 

0.1 

400.2 

8.0 

-0.5 

1 

1 

1.6 

0.1 

400.2 

e.o 

-0.6 

1 

1 

1.7 

0.1 

400.2 

8.0 

-0.6 

1 

1 

l.S 

0.1 

400.2 

8.0 

-0.7 

1 

1 

1.9 

0.1 

400.2 

8.0 

-0.7 

1 

1 

2.0 

0.1 

400.2 

8.0 

-0.8 

1 

1 

2.1 

0.1 

400.2 

8.0 

-0.9 

1 

1 

2.2 

O.l 

400.2 

8.0 

-0.9 

1 

1 

2.3 

0.1 

400.2 

8.0 

-l.O 

1 

1 

2.4 

0.1 

400.2 

8.0 

-1.1 

1 

1 

2.5 

0.1 

400.2 

8.0 

-l.l 

1 

1 

2.6 

o.l 

400.2 

8.0 

-1.2 

1 

1 

2.7 

0.1 

400.2 

8.0 

-1.3 

1 

2.S 

o.l 

400.2 

8.0 

-1.3 

1 

2.9 

0.1 

400.2 

8.0 

-1.4 

1 

1 

3.0 

0.1 

400.2 

8.0 

-l.S 

1 

3.1 

o.l 

400.2 

8.0 

-1.6 

1 

3.2 

0.1 

400.2 

8.0 

-1.7 

1 

1 

3.3 

0.1 

400.2 

8.0 

-1.7 

1 

1 

3.4 

o.l 

400.2 

8.0 

-1.2 

1 

1 

3.5 

0.1 

400.2 

8.0 

-0.1 

1 

1 

3.6 

0,1 

400.2 

7.9 

1.6 

1 

1 

3.7 

0.1 

400.2 

7.9 

3.8 

1 

1 

3.8 

0.1 

400.2 

7.8 

6.7 

1 

1 

3.9 

0.1 

400.2 

7.7 

10.2 

1 

1 

4.0 

0.0 

400.2 

7.6 

14.1 

1 

1 
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4.1 

0.0 

400.2 

7.5 

18.1 

1 

1 

4.2 

0.0 

400.2 

7.5 

22.1 

1 

1 

4..'? 

0.0 

400.2 

7.5 

26.2 

1 

1 

4.4 

23.7 

398.8 

7.5 

26.5 

1 

1 

4.5 

23.2 

398.8 

7.5 

22.8 

1 

1 

4.6 

23.8 

.398.8 

7.6 

18.5 

1 

1 

4.7 

23.4 

398.8 

7.6 

13.5 

1 

1 

4.8 

23.4 

398.7 

7.6 

8.0 

1 

1 

4.9 

23.5 

398.7 

7.6 

1.8 

1 

1 

5.0 

15.2 

399.2 

7.6 

“3.6 

1 

1 

5.1 

0.2 

400.1 

7.6 

-5.8 

1 

1 

5,2 

“0.3 

400.1 

7.6 

“5.8 

1 

1 

5.3 

2  2 

399.9 

7.6 

-6.2 

1 

1 

5.4 

“4.2 

400.3 

7.6 

“5.9 

1 

1 

5.5 

2.0 

399.9 

7.6 

“5.6 

1 

1 

5.6 

0.2 

400.0 

7.6 

-6.0 

1 

1 

5.7 

0.1 

400.1 

7.6 

“6.1 

1 

1 

5.8 

-0.2 

400.1 

7.6 

-6.1 

1 

1 

5.9 

0.0 

400.1 

7.6 

“6.1 

1 

1 

6.0 

O.l 

400.1 

7.6 

-6.2 

1 

1 

6.1 

0.3 

400.0 

7,6 

“6.3 

1 

# 

k 

6.2 

f 

o 

400.1 

7.6 

“6.3 

i 

1 

6.3 

0.1 

400.1 

7.6 

-6.4 

1 

.  1 

6.4 

0.3 

400,0 

7,6 

“6.5 

1 

1 

6.S 

-0.1 

400,1 

7.6 

-6.6 

1 

1 

6.6 

0.1 

4f.0,l 

T.O 

-6.6 

1 

1 

6.7 

0.3 

400.0 

7.6 

-6.S 

i 

1 

6.8 

-0.1 

400.1 

7.6 

“7.1 

1 

1 

6.9 

0.3 

400.0 

7.Q 

-e.5 

1 

1 

7.0 

0.2 

400.1 

7,5 

“10.2 

1 

1 

7.* 

-O.l 

400.1 

7.8 

*  j  2  j  4 

1 

7.2 

0.2 

400.1 

7.C 

-16.1 

1 

I 

7.3 

0.4 

400.0 

7.8 

“18.4 

1 

1 

7.4 

0.0 

400.1 

7.6 

-22.1 

1 

1 

7.5 

0.2 

4<K?.0 

7.6 

-26.3 

1 

7.6 

0.2 

400.0 

?.6. 

-31.0 

1 

1 

7.7 

0.5 

400.0 

7.6 

-36.2 

1 

1 

7.8 

‘19.9 

401.9 

7.7 

-38.7 

1 

1 

7.9 

-19.5 

402>0 

7.7 

-38.4 

1 

8.0 

‘19.5 

402.0 

7.8 

-38.1 

1 

1 

8.1 

-19.9 

402.1 

7.9 

-37.7 

1 

t 

8.2 

“10.7 

402.1 

7.9 

-37.2 

1 

1 

8.3 

-19.3 

402.1 

7.9 

‘38.9 

1 

1 

8.4 

-19.9 

402.2 

8.0 

-36.5 

1 

8.5 

“19.7 

402.3 

8.0 

‘36.0 

1 

1 
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8.6 

-19.5 

402.3 

8.0 

-35.6 

1 

1 

8.7 

-19.7 

402.3 

,  8.0 

-35.2 

1 

1 

8.8 

-19.7 

402.3 

8.0 

-34.8 

1 

1 

8.9 

-20.1 

402.4 

8.0 

-34.4 

1 

1 

9.0 

-19.4 

402.3 

8.0 

“34.0 

1 

1 

9.1 

-20.1 

402.4 

e.o 

-33.6 

1 

1 

9.2 

-19.6 

402.3 

8.0 

-33.2 

1 

1 

9.3 

-19.9 

402.4 

7.9 

-32.8 

1 

1 

9.4 

-20.1 

402.4 

8.0 

-29.6 

1 

1 

9.5 

-19.9 

402.3 

7.9 

-32.1 

1 

1 

9.6 

-19.9 

402.3 

7.8 

-31.8 

1 

1 

S.7 

-20.0 

402.3 

7.8 

-31.5 

1 

1 

9.8 

-20.2 

402.3 

7.7 

-31.2 

1 

1 

9.9 

-20.1 

402.2 

7.7 

-31.2 

1 

1 

10.0 

-20.2 

402.2 

7.6 

-30.7 

1 

1 

10.1 

-19.9 

402.1 

7.6 

-29.9 

1 

1 

10.2 

-20.2 

402.1 

7.6 

-28.6 

1 

1 

10.3 

-20.0 

402.0 

7.7 

-26.8 

1 

1 

10.4 

60.2 

390.8 

7.8 

-42.6 

1 

0 

10.5 

-76.9 

419.6 

7.9 

-27.7 

1 

0 

10.6 

43.2 

395.2 

7.9 

-4.3 

1 

0 

10,7 

-19.7 

401.8 

7.9 

-10. S 

1 

1 

10.8 

-20.6 

401.8 

7.9 

-5.8 

1 

1 

10.9 

•27.3 

402.4 

7.9 

0.8 

1 

1 

11.0 

-0.1 

399.9 

7.9 

4.8 

1 

1 

11.1 

0.0 

399.9 

7.9 

4.7 

1 

1 

11.2 

••0.3 

400.0 

7.9 

4.7 

1 

1 

11.3 

-0.1 

399.9 

7.9 

4.7 

1 

1 

11.4 

-0.1 

399.9 

7.9 

4.7 

1 

1 

11. S 

-0.1 

399.9 

7.9 

4.7 

1 

1 

11.6 

0.2 

399.9 

7.9 

4.6 

1 

1 

11.7 

-0.2 

399.9 

7.9 

4.6 

1 

1 

11.8 

-0.2 

400.0 

7.9 

4.6 

1 

1 

11.9 

-O.l 

399.9 

7.9 

4.6 

» 

1 

12.0 

0.0 

399.9 

7.9 

4.6 

1 

1 

12.1 

0.0 

399.9 

7.9 

4.6 

1 

1 

12.2 

C.O 

399.9 

7.9 

4.6 

1 

1 

12.3 

0.1 

399.9 

7.9 

4.5 

1 

1 

12.4 

-0.2 

400.0 

7.9 

4.5 

« 

A 

1 

12. S 

0.0 

399.9 

7.9 

4.5 

1 

1 

12.6 

0.0 

399.9 

7.9 

4.5 

1 

1 

12.7 

0.0 

399.9 

7.9 

4.4 

1 

1 

12.6 

0.0 

399.9 

7.9 

4.4 

1 

1 

12.9 

0.2 

399.9 

7.9 

4.3 

1 

1 

13.0 

-0.1 

400.0 

7.9 

4.3 

1 

1 
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13.1 

0.3 

399.9 

7.9 

4.2 

1 

1 

13.2 

-0.2 

400.0 

7.9 

4.1 

1 

1 

13.3 

0.1 

399.9 

7.9 

4.1 

1 

1 

13.4 

0.1 

399.9 

7.9 

4.0 

1 

1 

13.5 

0.3 

399.9 

7.9 

3.9 

1 

1 

13.6 

0.0 

400.0 

7.9 

4.4 

1 

1 

13.7 

0.2 

399.9 

7.9 

5.6 

1 

1 

13.8 

0.2 

399.9 

7.8 

7.3 

1 

1 

13.9 

0.2 

399.9 

7.8 

9.6 

1 

1 

14.0 

0.4 

399.9 

7.8 

12.5 

1 

1 

14.1 

0.1 

400.0 

7.7 

15.9 

1 

1 

14.2 

0.2 

399.9 

7.6 

20.0 

1 

1 

14.3 

0.2 

400.0 

7.6 

24.7 

1 

1 

14.4 

0.2 

400.0 

7.5 

30.0 

1 

1 

14.5 

0.2 

400.0 

7.5 

35.8 

1 

1 

14.6 

23.8 

399.0 

7.5 

38.5 

1 

1 

14.7 

23.9 

399.0 

7.5 

37.7 

1 

1 

14.8 

23.8 

399.1 

7.4 

36.8 

1 

1 

14.9 

23.7 

399.1 

7.4 

36.1 

1 

1 

15.0 

23.6 

399.2 

7.4 

35.4 

1 

1 

15.1 

23.8 

399.2 

7.3 

34.7 

1 

1 

15.2 

23.9 

399.3 

7.2 

34.0 

1 

1 

15.3 

23.5 

399.3 

7.2 

33.5 

1 

1 

15.4 

23.8 

399.3 

7.1 

33.0 

1 

1 

15.5 

23.6 

399.4 

7.0 

32.8 

1 

1 

15.6 

23.6 

399.4 

6.9 

32.1 

1 

1 

15.7 

23.4 

399.4 

6.9 

31.1 

1 

1 

15.8 

23.9 

399.4 

6.9 

29.3 

1 

1 

15.9 

23.2 

399.4 

6.9 

27.0 

1 

1 

16.0 

23.4 

399.4 

7.0 

24.1 

1 

1 

16.1 

23.7 

399.4 

7.0 

20.5 

1 

1 

16.2 

23.4 

399.4 

7.0 

16.2 

1 

1 

16.3 

23.2 

399.4 

7.0 

11.4 

1 

1 

16.4 

23.8 

399.3 

7.0 

5.8 

1 

1 

16.5 

30.8 

399.0 

7.0 

-1.9 

1 

0 

16.6 

-0.1 

400.1 

7.0 

-6.6 

1 

1 

16.7 

-0.1 

400.1 

7.0 

-6.6 

1 

1 

16.8 

-0.1 

400.1 

7,0 

-7.3 

1 

1 

16.9 

-0.1 

400.1 

7.0 

-8.7 

1 

1 

17.0 

-0.1 

400.1 

7.0 

-10.7 

1 

1 

17.1 

-0.1 

400.1 

7.0 

-13.5 

1 

i 

17.2 

-0.1 

400.1 

7.0 

-16.8 

1 

1 

17.3 

0.0 

400.1 

7.0 

-20.9 

1 

1 

17.4 

0.0 

400.1 

6.9 

-26.6 

1 

1 

17.5 

0.0 

400.1 

6.9 

-30.9 

1 

1 
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17.6 

0.0 

400.1 

6.9 

-36.9 

1 

1 

17.7 

0.1 

400.1 

7.0 

-43.3 

1 

1 

17.8 

-23.6 

401.1 

7.1 

-46.6 

1 

1 

17.9 

-23.1 

401.1 

7.2 

-46.3 

1 

1 

18.0 

-23.7 

401.2 

7.3 

-46.0 

1 

1 

18.1 

-23.2 

401.2 

7.4 

-45.6 

1 

1 

18.2 

-23.3 

401.3 

7.4 

-45.2 

1 

1 

18.3 

-23.3 

401.3 

7.5 

-44.7 

1 

1 

18.4 

-23.6 

401.3 

7.6 

-44.2 

1 

1 

18.5 

-23.0 

401.3 

7.6 

-43.6 

1 

1 

18.6 

-23.4 

401.3 

7.7 

-43.1 

1 

1 

18.7 

-23.4 

401.3 

7.7 

-42.5 

1 

1 

10.8 

-23.6 

401.3 

7.7 

-41.8 

1 

1 

18.9 

-23.1 

401.3 

7.7 

-41.2 

1 

1 

19.0 

-23.5 

401.3 

7.8 

-40.5 

1 

1 

19.1 

-23.3 

401.2 

7.7 

-39.9 

1 

1 

19.2 

-23.7 

401.2 

7.7 

-39.3 

1 

1 

19.3 

-23.5 

401.2 

7.7 

-38.8 

1 

1 

19.4 

-23.8 

401.2 

7.7 

-37.9 

1 

1 

19.5 

-23.4 

401.1 

7.7 

-36.5 

1 

1 

19.6 

-23.6 

401.1 

7.7 

-34.6 

1 

1 

19.7 

-24.1 

401.0 

7.8 

-31.9 

1 

1 

19.8 

-23.3 

401.0 

7.9 

-28.8 

1 

A 

i 

19.9 

-24.1 

400.9 

7.9 

-25.0 

1 

1 

20.0 

-23.7 

400.9 

7.9 

-20.6 

1 

1 

20.1 

-24.0 

400.8 

8.0 

-15.7 

1 

1 

20.2 

-23.7 

400.8 

8.0 

-10.1 

1 

1 

20.3 

-31.6 

401.0 

8.0 

-2.5 

1 

0 

20.4 

0.0 

399.9 

8.0 

2.1 

1 

1 

20. S 

-0.5 

399.9 

8.0 

2.0 

1 

1 

20.6 

-0.4 
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Appendix  E.  Graphical  Output  of  Experimental  Results 


This  appendix  contains  the  graphical  output  from  the  results  of  the  experi¬ 
mental  design  point  which  achieved  the  highest  percentage;  of  radar  coverage  over 
flight  path  three.  This  appendix  contains  a  plot  of  the  CMMCA  flight  path  relative 
to  the  cruise  missile  flight  path,  the  plot  of  the  overall  J  value  at  each  iteration 
of  the  program,  and  the  output  file  RESULTS. OUT,  which  contains  the  CMMCA 
hank  angle,  airspeed,  and  position  relative  to  the  cruise  missih'  at  every  point  in  the 
solution. 
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Appendix  F.  Graphical  Output  of  Optima!  Weights  for  Flight  Path 

Four 


'i'his  apptnulix  contains  the  graphical  output  from  the  results  of  the  optimal 
weights  found  from  the  experimental  tlesign  process  being  applied  to  the  fourth  {light 
profde.  For  both  the  straight  and  trailing  initial  CM  MCA  flight  paths,  this  appendix 
contains  a  plot  of  the  C^MMCA  flight  path  relative  to  the  cruise  missile  flight  path, 
the  plot  of  the  overall  J  value  at  each  iteration  of  the  progranr.  anti  the  output  file 
HHSUI/rS.OU'r,  v-dtich  contains  the  CMMCA  bank  atigle.  airspml,  and  position 
relative  to  the  cruise  missile  at  every  |K>int  in  the  solution. 
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^0.  l*lol  af  J  VaUw  versus  Urraison  Kuiul«?r 
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RANGE 

THETA 

RADAR 

STRUCT 

0.1 

-3.7 

400.2 

8.0 

0.5 

1 

1 

0.2 

-2.9 

400.3 

8.0 

1.6 

1 

1 

0.3 

-2.2 

400.4 

8.0 

2.5 

1 

1 

0.4 

1 

cn 

400.5 

8.0 

3.2 

1 

1 

0.5 

-0.9 

400.5 

8.0 

3.8 

1 

1 

0.6 

-0.3 

400.6 

8.0 

4.2 

1 

1 

0.7 

0.4 

400.6 

8.0 

4.5 

1 

1 

0.8 

0.9 

400.6 

8.0 

4.5 

1 

1 

0.9 

l.S 

400.7 

8.0 

4.4 

1 

1 

1.0 

2.0 

400.7 

8.0 

4.1 

1 

1 

1.1 

2.S 

400.7 

8.0 

3.6 

1 

1 

1.2 

3.0 

400.7 

8.0 

2.9 

1  ' 

1 

:1,.3 

3.5 

400,7 

8.0 

2.0 

1 

1 

1,4 

3.9 

400.7 

8.0 

0.9 

1 

1  - 

1.5 

4.3 

400.7 

8.0 

-0.4 

1 

1 

i.6 

4.6 

400.7 

8.0 

-1.9 

1 

1 

1.7 

5.0 

400.7 

8.0 

-3.7 

1  ■ 

1 

1.8 

6.3 

400.6 

8.0 

-5.6 

1 

1 

1.9 

S.6 

400,6 

8.0 

-7.8 

1 

1 

2.0 

8.8 

400.6 

8.0 

-10.1 

1 

1 

2.1 

6.0 

400.6 

6.0 

-12.7 

1 

» 

A 

2.2 

6.1 

400.6 

6.0 

-15.4 

1 

1 

2.3 

6.3 

400.4 

8.1 

-18.3 

1 

1 

2,4 

6.4 

400.4 

8.1 

-21.4 

J 

1 

2.6 

6.8 

400.3  ; 

8.2 

-24.7 

1 

1 

2.6 

6.5 

400.2 

8.2 

-28.0 

1 

1 

2.7 

6,6 

400.2: 

8.3 

-31.5 

1 

1 

2.8 

6.6 

400.1 

8.4 

-38.1 

1 

1 

2.9 

6.6 

400.0 

8.6 

-38.8 

1 

1 

3.0 

6.6 

400.0 

8.7 

-42.6 

1 

1 

3.1 

6.4 

399.9 

8.8 

-46.3 

1 

1 

3,2 

6.4 

399.8 

9.0 

-50.0 

1 

t 

3.3 

6.2 

399.7 

9.2 

-53.7 

1 

1 

3.4 

6.1 

399.7 

9.4 

-56.9 

1 

1 

3.6 

6.0 

399.6 

9.6 

-59.7 

1 

1 

3.6 

8.8 

399.8 

9.8 

-62.0 

0 

1 

3.7 

5.6 

399.4 

9.9 

-64.0 

0 

1 

3.8 

6.4 

399.3 

9.9 

-65.8 

0 

1 

3.9 

6.2 

399.3 

9.9 

-67.3 

0 

1 

4.0 

4.9 

399.2 

9.9 

-66.6 

0 

1 
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4.1 

4.6 

399.1 

9.9 

-69.9 

0 

1 

4.2 

4.4 

399.0 

9.9 

-71.2 

0 

1 

4.3 

4.1 

398.9 

9.9 

-72.4 

0 

1 

4.4 

3.8 

398.8 

9.9 

-73.5 

0 

1 

4.5 

3.4 

398.8 

9.9 

-74.6 

0 

1 

4.6 

3.1 

398.7 

10.0 

-75.6 

0 

1 

4.7 

2.8 

398.6 

10.0 

-76.5 

0 

1 

4.8 

2.4 

398.5 

10.1 

-77.3 

0 

1 

4.9 

2.1 

398,4 

10.1 

-78.1 

0 

1 

6.0 

1.7 

398.3 

10.2 

-78.7 

0 

1 

5.1 

1.3 

398.2 

10.3 

-79.2 

0 

1 

5.2 

0.9 

398.2 

10.4 

-79.7 

0 

.  1 

5.3 

0.6 

398.1 

10.5 

-80.0 

0 

1 

5.4 

0,2 

398.0 

10.6 

-80.2 

0 

1 

5.5 

-0.2 

397.9 

10.6 

-80.3 

0 

1 

S.6 

-0.6 

397.8 

10.7 

-80.2 

0 

1 

8.7 

-1.0 

397.7 

10.8 

f 

CO 

o 

0 

1 

5.8 

■.  -1.4 

397.6 

10.9 

“79.  S 

0 

1 

5,9 

-1.9 

397.6 

11.0 

-79.4 

0 

i 

6.0 

-2.3 

397.5 

11.0 

-78.9 

0 

i 

6.1 

-2.7 

397.4 

11.1 

-78.3 

0 

1 

6.2 

-3,1 

397.3 

11.2 

-77,6 

0 

1 

6.3 

-3.5 

397.3 

11.2 

-76.6 

0 

i 

6.4 

-4.0, 

397.2 

11.2 

-76.6 

0 

1 

6.5 

-4.4 

397.1 

11.3 

-74.3 

0 

1 

6.6 

-4.9 

397.1 

11.3 

-79.0 

Q 

1 

6,7 

-5.3 

397.0 

11.3 

-71.4 

b 

1 

6.8 

-5.8 

397,0 

,11.3 

-69.9 

0 

V  ■■  1- 

6,9 

-6.2 

396.9 

11.4 

-68.3 

0 

’  *4 

■  4 

7.0 

-6.7  / 

396.9 

11.6 

-66,8 

0 

* 

i 

7.1 

,  ”7.2. 

396.6 

ii.7 

-65.3 

0  ■; 

1 

7.2 

-7,6 

396.8 

11.9 

-63.8 

0 

1 

7.3 

-8.1 

396.6 

12.1 

-82.3 

p 

i 

7.4 

-8.S 

396.8 

12.3  ‘ 

-60.9 

0 

1 

7.S 

-9.0 

396.8 

"  12.6 

-59. 5 

1 

1 

7.6 

-9,6 

396.8 

12.9 

-58.1 

1'.  ^ 

1 

7.7 

-9.9 

390.8 

13.1 

-66.7 

,  1  ' 

1 

7.8 

-10.3 

396.8 

13.4 

-55.4 

1 

i 

7.9 

-10,8 

396.9 

13.7 

-54.  i 

1 

1 

8.0 

-11.2 

396.6 

13.9 

-82. 8 

■  i' ■ 

1 

8.1 

-11.6 

396.9 

14.2 

-61.5 

1 

1 

8.2 

-11,9 

397.0 

14.6 

-50.1 

i 

1 

8.3 

-12.3 

397.1 

14.7 

-4S.6 

1 

1 

8.4 

-12.6 

397.2 

14.9 

-47.5 

i 

1 

8.5 

-12.9 

39r^3 

IS.I 

-46,1 

0 

1 

i60 


8.6 

-13.2 

397.3 

15.3 

-44.8 

0 

1 

8.7 

-13.5 

397.5 

15.4 

-43.4 

0 

1 

8.8 

-13.7 

397.6 

15.6 

-12.1 

0 

1 

8.9 

-13.9 

397.7 

15.7 

-40.7 

0 

1 

9.0 

-14.0 

397.8 

15.7 

-39.4 

0 

1 

9.1 

-14.1 

397.9 

15.8 

-38.1 

0 

1 

9.2 

-14.2 

398.1 

15.8 

-36.9 

0 

1 

9.3 

-14.2 

398.2 

15.8 

-35.7 

0 

1 

9.4 

-14.2 

398.4 

15.8 

-33.1 

0 

1 

9.5 

-14.1 

398.5 

15.6 

-33.5 

0 

1 

9.6 

•14.0 

398.6 

15.5 

-32.5 

0 

1 

9.7 

-13.9 

398.8 

15.4 

-31.6 

0 

1 

9.8 

-13.7 

398.9 

15.2 

-30.9 

0 

1 

9.9 

-13.4 

399.1 

15.0 

-30.4 

1 

1 

10.0 

-13.1 

399.2 

14.8 

-29.9 

.  1 

1 

10.1 

-12.7 

399.3 

14.6 

-29.4 

1 

1 

10.2 

-12.3 

399.5 

14.5 

-29.0 

1 

1 

10.3 

'11.9 

399.6 

14.4 

-28.7 

1 

1 

«0.4 

-11.4 

399.7 

14.3 

-28.3 

1 

1 

10, S 

-10.9 

399.8 

14.2 

-28.1 

1 

1 

,10.6 

-10.4 

399.9 

14.2 

-27.9 

1 

1 

10.7 

-9.8 

400.0 

14.1 

-27.7 

1 

1 

10.8 

-9.2 

400.1 

14.1 

-27.6 

1 

1 

10.9 

-8.6 

400.2 

14.1 

-27.6 

1 

1 

11.0 

-8.0 

400.3 

14.1 

-27.6 

1 

1 

1,1 . 1 

-7.3 

400.3 

14.1 

-27.7 

1 

1 

11.2 

-6.6 

400.4 

14.2 

-28.0 

1 

1 

1,1.3 

-6.0 

400.8 

14.2 

-28.3 

1 

1 

11.4 

-8.3 

400.8 

14.3 

-28.8 

1 

1 

11.8 

-4.6 

400.6 

14.3 

-29.3 

1 

1 

n.6 

-3.9 

400.6 

14.4 

-SO.O 

1 

1 

11.7 

-3.2 

400.6 

14,8 

-30.9 

1 

1 

u.« 

-2.8 

.400.7 

14.6 

-31.8 

1 

1 

11,19 

-1.9 

400.7 

14.7 

-32.9 

1 

1 

12.0 

-t.2 

400.7 

14.8 

-34.2 

1 

1 

12.1 

-O.S 

400.7 

14.9 

-38.6 

1 

1 

12.2 

0.1 

400.7 

18.0 

-37.2 

0 

1 

12.3 

0*7 

400.7 

18.2 

-38.9 

0 

1 

12.4 

1.3 

400*7 

18.3 

-40.7 

0 

1 

12.8 

1.9 

400.7 

IS. 8 

-42.7 

0 

1 

12.6 

2.8 

400.7 

16.7 

-44.9 

0 

1 

12.7 

3.0 

.  400.7 

18.9 

-47.2 

0 

1 

12.8 

3.8 

400.7 

16.1 

-49.6 

0 

1 

12.9 

4.0 

400.7 

16.3 

-52.2 

d 

1 

13.0 

4.4 

400,7 

16.6 

-84.8 

0 

1 

ISl 


13.1 

4.8 

400.7 

16.9 

-57.6 

0 

1 

13.2 

5.2 

400.6 

17.2 

-60.5 

0 

1 

13.3 

5.5 

400.6 

17.5 

-63.4 

0 

1 

13.4 

5.8 

400.6 

17.9 

-66.4 

0 

1 

13.5 

6.0 

400.6 

18.2 

-69.4 

0 

1 

13.6 

6.3 

400.6 

18.6 

-72.3 

0 

1 

13.7 

6.4 

400.6 

19.0 

-74.9 

0 

1 

13.8 

6.5 

400.6 

19.3 

-77.4 

0 

1 

13.9 

6.6 

400.5 

19.6 

-79.7 

0 

1 

14,0 

6.6 

400.5 

19.9 

-81.9 

0 

1 

14.1 

6.5 

400.5 

20.1 

-83.9 

0 

1 

14.2 

6.4 

400.5 

20.3 

-85.9 

0 

1 

14.3 

6.3 

400.5 

20.3 

-87.8 

0 

1 

14.4 

6.1 

400,5 

20.4 

-89.5 

0 

1 

14.5 

5.8 

400.5 

20.3 

-91.2 

0 

1 

14.6 

5.5 

400.5 

20.2 

-92.9 

0 

1 

14.7 

5.2 

400.6 

20.1 

-94.5 

0 

1 

14.8 

4.8 

400.6 

19.9 

-96.1 

0 

1 

14.9 

4.4 

400.6 

19.6 

-97.7 

0 

1 

15.0 

3.9 

400,6 

19.3 

-99.4 

0 

1 

IS.l 

3.4 

400.6 

18.9 

-101.0 

0 

1 

15.2 

2.8 

400.7 

18.5 

-102.8 

0 

1 

15.3 

2.2 

400.7 

18.0 

-104.6 

0 

1 

16.4 

1.6 

400.7 

17.6 

-106.6 

0 

1 

16.5 

1.0 

400.8 

17.1 

-108.8 

0 

1 

15.6 

0.3 

400.8 

16.7 

-111.0 

0 

1 

15.7 

-0.3 

400.9 

16.3 

-113.0 

0 

1 

16.8 

-1.0 

400.9 

15.9 

-115.0 

0 

1 

15.9 

-1.7 

401.0 

15.5 

-116.9 

0 

1 

16.0 

-2.4 

401.0 

15.1 

-118.8 

0 

1 

16.1 

-3.1 

401.1 

14.6 

-120.6 

0 

1 

16.2 

-3.8 

401.2 

14.5 

-122.2 

0 

1 

16.3 

-4.6 

401.2 

14.2 

-123.8 

0 

1 

16.4 

-6.2 

401.3 

14.0 

-125.4 

0 

1 

16.6 

-5.9 

401.3 

13.7 

-126.9 

0 

1 

16.6 

-6.6 

401.4 

13.5 

-128.4 

0 

1 

16.7 

-7.3 

401.4 

13.3 

-129.8 

0 

1 

16.8 

-7.9 

401.5 

13.1 

-130.9 

0 

1 

16.9 

-8.6 

401.6 

12.9 

-131.6 

0 

1 

17.0 

-9.2 

401.6 

12.7 

-131.9 

0 

1 

17.1 

-9.8 

401.6 

12.6 

-131.9 

0 

1 

17.2 

-10.3 

401.7 

12.3 

-131.6 

0 

1 

17.3 

-10.8 

401.7 

12.1 

-130.8 

0 

1 

17.4 

-11.3 

401.8 

11.8 

-129.7 

0 

1 

17.5 

-11.8 

401.8 

11.6 

-128.3 

0 

1 
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17.6 

-12.2 

401.8 

11.4 

-126.5 

0 

1 

17.7 

-12.6 

401.8 

11.1 

-124.4 

0 

1 

17.8 

-13.0 

401.8 

10.9 

-122.0 

0 

1 

17.9 

-13.3 

401.8 

10.7 

-119.3 

0 

1 

18.0 

-13.6 

401.8 

10.5 

-116.3 

0 

1 

18.1 

-13.9 

401.8 

10.3 

-113.0 

0 

1 

18.2 

-14.1 

401.8 

10.2 

-109.4 

0 

1 

18.3 

-14.3 

401.8 

10.0 

-105.7 

0 

1 

18.4 

-14.4 

401.8 

9.9 

-101.7 

0 

1 

18.5 

-14.5 

401.7 

9.9 

-97.6 

0 

1 

18.6 

-14.6 

401.7 

9.8 

-93.4 

0 

1 

18.7 

-14.7 

401.6 

9.8 

-89.2 

0 

1 

18.8 

-14.7 

401.6 

9.8 

-84.9 

0 

1 

18.9 

-14.7 

401.5 

9.9 

-80.7 

0 

1 

19.0 

-14.6 

401.5 

10.0 

-76.6 

0 

1 

19.1 

-14.6 

401.4 

10.1 

-72.7 

0 

1 

19.2 

-14.5 

401.4 

10.3 

-68.9 

0 

1 

19.3 

-14.3 

401.3 

10.5 

-65.4 

0 

1 

19.4 

-14.2 

401.2 

10.6 

-61.8 

0 

1 

19.5 

-14.0 

401.2 

10.7 

-58.1 

1 

1 

19.6 

-13.7 

401.1 

10.8 

-54.4 

1 

1 

19.7 

-13.5 

401.0 

10.6 

-50.6 

1 

1 

19.8 

-13.2 

401.0 

10.8 

-46.7 

1 

1 

19.9 

-12.9 

400.9 

10.8 

-42.8 

1 

1 

20.0 

-12.6 

400.8 

10.7 

-38.7 

1 

1 

20.1 

-12.2 

400.8 

10.6 

-34.6 

1 

1 

20.2 

-11.9 

400.7 

10.5 

-30.4 

1 

1 

20.3 

-11.5 

400.6 

10.4 

-26.1 

1 

1 

20.4 

-11.1 

400.5 

10.2 

-21.7 

1 

1 

20.5 

-10.7 

400.5 

10.1 

-17.1 

1 

1 

20.6 

-10.2 

400.4 

9.9 

-12.5 

1 

1 

20.7 

-9.8 

400.4 

9.8 

-7.8 

1 

1 

20.6 

-9.3 

400.3 

9.7 

-3.3 

1 

1 

20.9 

-8.8 

400.3 

9.6 

0.8 

1 

1 

21.0 

-8.3 

400.2 

9.6 

4.5 

1 

1 

21.1 

-7.8 

400.2 

9.6 

7.6 

1 

1 

21.2 

-7.2 

400.1 

9.6 

10.3 

1 

1 

21.3 

-6.6 

400.1 

9.6 

12.5 

1 

1 

21.4 

-6.1 

400.0 

9.6 

14.1 

1 

1 

21.5 

-5.5 

400.0 

9.6 

15.2 

1 

1 

21.6 

-4.8 

399.9 

9.5 

16.1 

1 

1 

21.7 

-4.2 

399.9 

9.5 

16.9 

1 

1 

21.8 

-3.5 

399.8 

9.5 

17,6 

1 

1 

21.9 

-2.8 

399.8 

9.5 

18.1 

1 

1 

22.0 

-2.1 

399.8 

9.4 

18.5 

1 

1 
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22.1 

-1.4 

399.7 

22.2 

-0.7 

399.7 

22.3 

0.1 

399.7 

22.4 

0.8 

399.6 

22.5 

1.6 

399.6 

22.6 

2.3 

399.6 

22.7 

3.1 

399,5 

22.8 

3.8 

399.5 

22.9 

4.6 

399.5 

23.0 

5.3 

399.4 

23.1 

6.0 

399.4 

23.2 

6.8 

399.4 

23.3 

7.5 

399.3 

23.4 

8.1 

399.3 

23.5 

8.8 

399.3 

23.6 

9.5 

399.2 

23.7 

10.1 

399.2 

23.8 

10.7 

399.2 

23.9 

11.3 

399.2 

24,0 

11.8 

399.2 

24.1 

12.3 

399.2 

24.2 

12.8 

399.1 

24.3 

13.3 

399.1 

24.4 

13.7 

399.1 

24.5 

14.0 

399.1 

24.6 

14.3 

399.1 

24.7 

14.6 

390.1 

24.8 

14.8 

399.2 

24.9 

14.9 

399.2 

26.0 

14.9 

399.2 

26.1 

14.8 

399.2 

26.2 

14.6 

399.3 

26.3 

14.4 

399.3 

26.4 

14.1 

399.3 

26.6 

13.6 

399.4 

26.6 

13.4 

399.4 

26.7 

13.0 

399.4 

26.8 

12.6 

399.6 

26.9 

12.1 

399.6 

26.0 

11.6 

399.6 

26.1 

11.1 

399.6 

26.2 

10.6 

399.6 

26.3 

10.0 

399.6 

26.4 

9.6 

399.6 

26.6 

9.0 

399.7 

9.4 

18.7 
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Appendix  G.  Graphical  Output  for  Double  Precision  Runs 


This  appendix  contains  the  graphical  output  from  the  results  of  running  the 
program  using  double  precision  variables  over  the  fourth  flight  profile.  For  both 
initial  CMMCA  flight  paths,  this  appendix  contains  a  plot  of  the  CMMCA  flight 
path  relative  to  the  cruise  missile  flight  path,  the  plot  of  the  overall  J  value  at  each 
iteration  of  the  program,  and  the  output  file  RESULTS. OUT,  which  contains  the 
CMMCA  bank  angle,  airspeed,  and  position  relative  to  the  cruise  missile  at  every 
point  in  the  solution. 
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1 

16.1 

-3.0 

399.5 

13.1 

-136.0 

0 

1 

16.2 

-3.8 

399.5 

12.9 

-138.0 

0 

1 

16.3 

-4.6 

399.5 

12.8 

-140.0 

0 

1 

16.4 

-5.2 

399.6 

12.7 

-141.8 

0 

1 

16.5 

-6.9 

399.5 

12.7 

-143.5 

0 

1 

16.6 

-6.6 

399.5 

12.7 

-145.2 

0 

1 

16.7 

-7.3 

399.6 

12.7 

-146.7 

0 

1 

16.8 

-8.0 

399.6 

12.7 

-147.7 

0 

1 

16.9 

-8.7 

399.6 

12.7 

-148.4 

0 

1 

17.0 

-9.3 

399.6 

12.6 

-148.6 

0 

1 

17.1 

-9.9 

399.6 

12.6 

-148.5 

0 

1 

17.2 

-10.5 

399.6 

12.5 

-148.0 

0 

1 

17.3 

-11.0 

.399.6 

12.4 

-147.1 

0 

1 

17.4 

-11.6 

399.6 

12.3 

-145.8 

0 

1 

17.5 

-12.1 

399.6 

12.2 

-144.2 

0 

1 
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17.6 

-12.5 

399.6 

12.0 

-142.3 

0 

1 

17.7 

-12.9 

399.7 

11.9 

-140.0 

0 

1 

17.8 

-13.3 

399.7 

11.8 

-137.4 

0 

1 

17.9 

-13.7 

399.7 

11.6 

-134.4 

0 

1 

18.0 

-14.0 

399.7 

11.5 

-131.2 

0 

1 

18.1 

-14.2 

399.7 

11.4 

-127.8 

0 

1 

18.2 

-14.4 

399.7 

11.3 

-124.0 

0 

1 

18.3 

-14.6 

399.7 

11.2 

-120.1 

0 

1 

18.4 

-14.7 

399.7 

11.1 

-116.0 

0 

1 

18.5 

-14.8 

399.7 

11.1 

-111.8 

0 

1 

18.6 

-14.8 

399.8 

.  11.1 

-107.4 

0 

1 

18.7 

-14.8 

399.8 

11.1 

-103.1 

0 

1 

18.8 

-14.8 

399.8 

11.2 

-98.7 

0 

1 

18.9 

-14.7 

399.8 

11.3 

-94.4 

0 

1 

19.0 

-14.5 

399.8 

11.4 

-90.1 

0 

1 

19.1 

-14.4 

399.8 

11.6 

-86.0 

0 

1 

19.2 

-14.1 

399.8 

11.8 

-82.1 

0 

1 

19.3 

-13.9 

399.8 

12.0 

-78.5 

0 

1 

19.4 

-13.6 

399.8 

12.2 

-74.9 

0 

1 

19.5 

-13.3 

399.8 

12.4 

-71.3 

0 

1 

19.6 

-13,0 

399.8 

12.6 

-67.7 

0 

1 

19,7 

-12.6 

399.8 

12.6 

-64.2 

0 

1 

19.8 

-12.3 

399.9 

12.6 

;  -60.7 

0 

1 

19.9 

-11.9 

399.9 

12.6 

-67.2 

1 

1 

20.0 

-11.4 

399.9 

12.6 

-63.7 

1 

1 

20.1 

-11.0 

399.9 

12.6 

-60.2 

1 

1 

20.2 

-10.6 

399.9 

12.4 

-46.8 

1 

1 

20.3 

-10.1 

399.9 

12.3 

-43.4 

1 

1 

20.4 

-9.6 

399.9 

12.2 

-40.0 

1 

1 

20.5 

-9.2 

399.9 

12.0 

-36.6 

1 

1 

20.6 

-8.7 

399.9 

U.8 

-33.2 

1 

1 

20.7 

-8.2 

399.9 

U.6 

-29.8 

1 

1 

20.8 

-7.7 

399.8 

11.6 

^26.6 

1 

1 

20.9 

-7.2 

399.8 

11.4 

-23.8 

1 

1 

21.0 

-6.6 

399.8 

11.4 

-21.4 

1 

1 

21.1 

-6.1 

399.8 

11.4 

-19.4 

1 

1 

21.2 

-6.6 

399.8 

11.4 

-17.8 

1 

1 

21.3 

-6.1 

399.8 

11.4 

-16.7 

1 

1 

21.4 

-4.6 

399.8 

11.4 

-16.1 

1 

1 

21.6 

-4.0 

399.8 

11,4 

-16.0 

1 

1 

21.6 

-3.6 

399.8 

11.6 

-16.1 

1 

1 

21.7 

-3.0 

399.8 

11.6 

-16.3 

1 

1 

21.8 

-2.4 

399.8 

11.6 

-16.6 

1 

1 

21.9 

-1.9 

399.8 

11.6 

-17.0 

1 

1 

22.0 

-1.4 

399.8 

11.6 

-17.5 

i 

1 
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22.1 

-0.9 

399.8 

11.6 

-18.1 

1 

22.2 

-0.4 

399.7 

11.7 

-18.9 

1 

22.3 

0.1 

399.7 

11.7 

-19.8 

1 

22.4 

0.6 

399.7 

11.7 

-20.8 

1 

22.5 

1.1 

399.7 

11.8 

-21.6 

1 

22.6 

1.5 

399.7 

11.8 

-22.1 

1 

22.7 

2.0 

399.7 

11.8 

-22.4 

1 

22.8 

2.4 

399.7 

11.7 

-22.5 

1 

22.9 

2.8 

399.7 

11.6 

-22.4 

1 

23.0 

3.2 

399.6 

11.4 

-22.2 

1 

23.1 

3.5 

399.6 

11.2 

-21.7 

1 

23.2 

3.9 

399.6 

11.0 

-21.1 

1 

23.3 

4.2 

399.6 

10.7 

-20.4 

1 

23.4 

4.5 

399.6 

10.3 

-19.5 

1 

23.5 

4.8 

399.6 

9.8 

-18.4 

1 

23.6 

5.0 

399.6 

9.4 

-17.2 

1 

23.7 

5.3 

399.6 

3.8 

-15.7 

1 

23.8 

5. 5 

399.6 

8.2 

-13.9 

1 

23.9 

5.7 

399.6 

7.6 

-11.7 

1 

24.0 

5.9 

399.6 

6.9 

-9.0 

1 

24.1 

6.0 

399.6 

6.2 

-S.6 

1 

24.2 

6.2 

399.6 

5.4 

-1.2 

1 

24.3 

6,3 

399.6 

4.7 

4.8 

0 

24.4 

6.4 

399.5 

3.9 

13.2 

0 

24.5 

6.5 

399.5 

3.3 

25.4 

0 

24.6 

6.6 

399.5 

2.9 

42.0 

0 

24.7 

6.7 

399.5 

2.9 

60.8 

0 

24.8 

6.8 

399.5 

3.2 

77.3 

0 

24.9 

6.9 

399.5 

3.8 

89.3 

0 

25.0 

7.0 

399.5 

4.5 

97,3 

0 

25.1 

7.1 

399.5 

5.3 

102.5 

0 

25.2 

7.2 

399.5 

6.1 

105.8 

0 

25. 3 

7.3 

399.5 

7.0 

107.9 

0 

25.4 

7.3 

399.5 

7.8 

109.1 

0 

25.6 

7.4 

399.6 

8.6 

109.7 

0 

25.6 

7.4 

399.6 

9.5 

109.9 

0 

26.7 

7.4 

399.6 

10.4 

110.5 

0 

25.8 

7.4 

399.6 

11.2 

110.3 

0 

25.9 

7.3 

399.6 

12.0 

109.6 

0 

26.0 

7.2 

399.6 

12.7 

108.4 

0 

26.1 

7.0 

399.6 

13.4 

107.0 

0 

26.2 

6.8 

399.6 

13.9 

105.4 

0 

26.3 

6.6 

399.6 

14.4 

103.6 

0 

26.4 

6.4 

399.7 

14.8 

101.8 

0 

26.5 

6.1 

399.7 

15.1 

100.1 

0 
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26.6 

5.7 

399.7 

15.2 

98.3 

0 

1 

26.7 

5.4 

399.7 

15.3 

96.7 

0 

1 

26.6 

5.1 

399.7 

15.2 

95.2 

0 

1 

26.9 

4.7 

399.7 

15.1 

93.9 

0 

1 

27.0 

4.4 

399.8 

14.9 

92.8 

0 

1 

27.1 

4.1 

399.8 

14.7 

91.8 

0 

1 

27.2 

3.8 

399.8 

14.4 

90.9 

0 

1 

27.3 

3.5 

399.8 

14.1 

90.1 

0 

1 

27.4 

3.1 

399.8 

13.9 

89.4 

0 

1 

27.5 

2.8 

399.8 

13.6 

88.8 

0 

1 

27.6 

2.5 

399.9 

13.3 

88.2 

0 

1 

27.7 

2.2 

399.9 

13.0 

87.8 

0 

1 

27.8 

2.0 

399.9 

12.7 

87.5 

0 

1 

27.9 

1.7 

399.9 

12.4 

87.2 

0 

1 

28.0 

1.4 

399.9 

12.0 

87.1 

0 

1 

28.1 

1.2 

399.9 

11.7 

87.1 

0 

1 

28.2 

0.9 

399.9 

11.4 

87.1 

0 

1 

28.3 

0.7 

400.0 

11.1 

87.2 

0 

1 

28.4 

0,4 

400.0 

10.7 

87.4 

0 

1 

28.5 

0;2 

400.0 

10.4 

87.7 

0 

1 

28.6 

04 

400.0 

10.1 

88.1 

0 

1 
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T 

BANK 

SPEED 

RANGE 

THETA 

RADAR 

STRUCT 

0.1 

0.0 

400.2 

8.0 

0.0 

1 

1 

0.2 

0.0 

400.2 

8.0 

0.0 

1 

1 

0.3 

0.1 

400.2 

8.0 

0.0 

1 

1 

0.4 

0.1 

400.2 

8.0 

0.0 

1 

1 

0.5 

0.1 

400.2 

8.0 

-0.1 

1 

1 

0.6 

0.1 

400.2 

8.0 

-0.1 

1 

1 

0.7 

0.1 

400.2 

8.0 

-0.1 

1 

1 

0.8 

0.1 

400.2 

8.0 

-0.2 

1 

1 

0.9 

0.1 

400.2 

8.0 

-0.2 

1 

1 

1.0 

0.1 

400.2 

8.0 

-0.3 

1 

1 

1.1 

0.1 

400.2 

8.0 

-0.3 

1 

1 

1.2 

0.2 

400.2 

8.0 

-0.4 

1 

1 

1.3 

0.2 

400.2 

8.0 

-0.5 

1 

1 

1,4 

0.2 

400.2 

8.0 

-0.5 

1 

1 

1.5 

0.2 

400.2 

8.0 

-0.6 

1 

1 

1.6 

0.2 

400.2 

8.0 

-0.7 

1 

1 

1.7 

0.2 

400.2 

8.0 

-0.8 

1 

1 

1.8 

0.2 

400.2 

8.0 

-0.9 

1 

1 

1.9 

0.2 

400.2 

8.0 

-1.0 

1 

1 

2.0 

0.2 

400.2 

8.0 

-1.2 

1 

1 

2.1 

0.3 

400.2 

8.0 

-1.3 

1 

1 

2.2 

0.3 

400.2 

8.0 

-1.4 

1 

1 

2.3 

0.3 

400.2 

8.0 

-1.6 

1 

1 

2.4 

0.3 

400.2 

8.0 

-1.8 

1 

1 

2.5 

0.3 

400.2 

8.0 

-1.9 

1 

1 

2.6 

0.3 

400.2 

8.0 

-2.1 

1 

1 

2.7 

0.3 

400.2 

8.0 

-2.3 

1 

1 

2.8 

0.3 

400.2 

8.0 

-2.6 

1 

1 

2.9 

0.3 

400.2 

8.0 

-2.7 

1 

1 

3.0 

0.3 

400.2 

8.0 

-2.9 

1 

1 

3.1 

0.4 

400.2 

8.0 

-3.2 

1 

1 

3.2 

0.4 

400.2 

8.0 

-3.4 

1 

1 

3.3 

0.4 

400.2 

8.0 

-3.7 

1 

1 

3.4 

0.4 

400.2 

8.0 

-3.4 

1 

1 

3.5 

0.4 

400.2 

8.0 

-2.4 

1 

1 

3.6 

0.4 

400.2 

7.9 

-1.0 

1 

1 

3.7 

0.4 

400.2 

7.9 

1.1 

1 

1 

3.8 

0.4 

400.2 

7.8 

3.7 

1 

1  . 

3.9 

0.4 

400.2 

7,6 

6.9 

1 

1 

4.0 

0.4 

400.2 

7.5 

10.6 

1 

1 
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4.1 

0.4 

400.2 

7.4 

14.3 

1 

1 

4.2 

0.3 

400.2 

7.4 

18.2 

1 

1 

4.3 

0.3 

400.2 

7.3 

22.1 

1 

1 

4.4 

0.3 

400.2 

7.4 

25.9 

1 

1 

4.5 

0.2 

400.2 

7.4 

29.7 

1 

1 

4.6 

23.7 

398.1 

7.5 

29.8 

1 

1 

4.7 

23.2 

398.1 

7.6 

25.9 

1 

1 

4.8 

23.8 

398.0 

7.6 

21.3 

1 

1 

4.9 

23.3 

398.0 

7.6 

16.1 

1 

1 

5.0 

23.3 

397.9 

7.7 

10.4 

1 

1 

5.1 

23.3 

397.8 

7.7 

4.1 

1 

1 

5.2 

15.0 

398.6 

7.7 

-1.5 

1 

1 

5.3 

0.1 

400.0 

7.7 

-3.8 

1 

1 

5.4 

-0.4 

400.0 

7.7 

-4.0 

1 

1 

5.5 

2.0 

399.8 

7.7 

-4.5 

1 

1 

5.6 

-4.4 

400.4 

7.7 

-4.4 

1 

1 

5.7 

1.6 

399.8 

7.7 

-4.2 

1 

1 

5.8 

-0.2 

400.0 

7.7 

-4.6 

1 

1 

5.9 

-0.4 

400.0 

7.7 

-4.7 

1 

1 

6.0 

-0.7 

400.1 

7.7 

-4.7 

1 

1 

6.1 

1 

o 

in 

400.0 

7.7 

-4.8 

1 

1 

6.2 

-0.5 

400.0 

7.7 

-4.8 

1 

1 

6.3 

-0.4 

400.0 

7.7 

-4.8 

1 

1 

6.4 

-0.9 

400.1 

7.7 

-4.7 

1 

1 

6.5 

-0.7 

400.1 

7.7 

-4.6 

1 

1 

6.6 

-0.5 

400.0 

7.7 

-4.6 

1 

1 

6.7 

-1.0 

400.1 

7.7 

-4.4 

1 

1 

6.8 

-0.8 

400.1 

7.7 

-4.8 

1 

1 

6.9 

-0.7 

400.0 

7.7 

-5.6 

1 

1 

7.0 

-1.1 

400.1 

7.7 

-6.9 

1 

1 

7.1 

-0.8 

400.1 

7.7 

-8.7 

1 

1 

7.2 

-1.0 

400.1 

7.6 

-11.0 

1 

1 

7.3 

-1.3 

400.1 

7.6 

-13,7 

1 

1 

7.4 

-1.1 

400.1 

7.6 

-16.9 

1 

1 

7.5 

-0.9 

400.1 

7.5 

-20.7 

1 

1 

7.6 

-1.3 

400.1 

7.5 

-24.9 

1 

1 

7.7 

-1.1 

400.1 

7.6 

-29.5 

1 

1 

7.8 

-1.2 

400.1 

7.6 

-34.6 

1 

1 

7.9 

-0.9 

400.1 

7.6 

-40.1 

1 

1 

8.0 

-21.4 

403.1 

7.6 

-42.8 

1 

1 

8.1 

-20.9 

403.1 

7.6 

-42.7 

1 

1 

8.2 

-21.0 

403.2 

7.7 

-42.6 

1 

1 

8.3 

-21.3 

403.3 

7.8 

-42.2 

1 

1 

8.4 

-21.2 

403.4 

7.8 

-41.8 

1 

1 

8.S 

-20.7 

403.4 

7.9 

-41.4 

1 

1 
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8.6 

-21.3 

403.6 

8.0 

-41.0 

1 

1 

8.7 

-21.1 

403.6 

8.0 

-40.4 

1 

1 

8.8 

-20.8 

403.6 

8.1 

-39.9 

1 

1 

8.9 

-20.9 

403.7 

8.1 

-39.3 

1 

1 

9.0 

-20.9 

403.7 

8.1 

-38.7 

1 

1 

9.1 

-21.2 

403.8 

8.1 

-38.1 

1 

1 

9.2 

-20.5 

403.7 

8.2 

-37.5 

1 

1 

9.3 

-21.0 

403.8 

8.2 

-36,8 

1 

1 

9.4 

-20.5 

403.8 

8.2 

-33.5 

1 

1 

9.5 

-20.7 

403.8 

8.2 

-35.6 

1 

1 

9.6 

-20.8 

403.8 

8.2 

-35.0 

1 

1 

9.7 

-20.5 

403.7 

8.1 

-34.4 

1 

1 

9.8 

-20.4 

403.7 

8.1 

-33.8 

1 

1 

9.9 

-20.4 

403.7 

8.1 

-33.5 

1 

1 

10.0 

-20.5 

403.6 

8.1 

-32.8 

1 

1 

10.1 

-20.3 

403.5 

8.1 

-31.7 

1 

1 

10.2 

-20.3 

403.5 

8.1 

-30.1 

1 

1 

10.3 

-20.0 

403.4 

8.1 

-28.1 

1 

1 

10.4 

-20.2 

403.3 

8.2 

-25.7 

1 

1 

10.5 

-19.9 

403.2 

8.2 

-22.9 

1 

1 

10.6 

69.4 

385.4 

8.3 

-37.4 

1 

0 

10.7 

-75.2 

428.3 

8.4 

-25.8 

1 

0 

10.8 

42.9 

392.5 

8.4 

-6.3 

1 

0 

10.9 

-19.4 

402.8 

8.4 

-12.2 

1 

1 

11.0 

-20.2 

402.8 

8.4 

-7.4 

1 

1 

11.1 

-26.8 

403.8 

8.4 

-0.8 

1 

1 

11.2 

0.1 

399.9 

3.4 

3.3 

1 

1 

11.3 

0.2 

399.9 

8.4 

3.3 

1 

1 

11.4 

-0.1 

400.0 

8.4 

3.4 

1 

1 

11.6 

0.1 

399.9 

8.4 

3.5 

1 

1 

11.6 

0.1 

399,9 

8.4 

3.6 

1 

1 

11.7 

0.2 

399.9 

8.4 

3.7 

1 

1 

11.8 

0.4 

399.9 

8.4 

3.7 

1 

1 

11.9 

0.1 

399.9 
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Appendix  H.  Results  of  Segmenting  Flight  Path  Four 


This  appendix  contains  the  graphical  output  from  the  results  of  the  segmenta¬ 
tion  of  the  fourth  flight  path.  The  output  from  the  first  section  of  the  fourth  flight 
path  is  presented  first.  This  covers  the  cases  where  the  initial  CMMCA  flight  path 
was  straight  and  the  preliminary  weighting  scheme  was  used,  the  initial  CMMCA 
flight  path  was  straight  and  the  optimal  weighting  scheme  was  used,  the  initial 
CMMCA  flight  path  was  trailing  and  the  preliminary  weighting  scheme  was  used, 
and  finally  the  initial  CMMCA  flight  path  was  trailing  and  the  optimal  weighting 
scheme  was  used.  The  same  four  cases  are  then  presented  for  the  second  section  of 
the  fourth  flight  path. 

Each  section  of  output  contains  a  plot  of  the  CMMCA  flight  path  relative 
to  the  cruise  missile  flight  path,  the  plot  of  the  overall  J  value  at  each  iteration 
of  the  program,  and  the  output  file  RESULTS. OUT,  which  contains  the  CMMCA 
bank  angle,  airspeed,  and  position  relative  to  the  cruise  missile  at  every  point  in  the 
solution. 
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Figure  47.  Section  1  CMMCA  and  CM  Paths,  CMMCA  Starting  Straight 
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Figure  50.  Plot  of  J  Value  versus  Iteration  Number 
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Figure  54.  Plot  of  J  Value  versus  Iteration  Number 


JSTOP  =  8274.818 

#  ITERATIONS  =  150 
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Figure  58.  Plot  of  J  Value  vemis  Iteration  Number 
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8.9 

30.5 

1 

1 

8.3 

11.9 

395.6 

8.9 

32.0 

1 

1 

8.4 

12.8 

395.4 

8.8 

33.4 

1 

1 

8.5 

13.5 

395.2 

8.8 

34.8 

1 

1 
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8.6 

14.2 

395.0 

8.7 

36.2 

1 

1 

8.7 

14.8 

394.9 

8.7 

37.7 

1 

1 

8.8 

15.3 

394.8 

8.6 

39.1 

1 

1 

8.9 

15.7 

394.7 

8.6 

40.6 

1 

1 

9.0 

16.0 

394.7 

8.5 

42.1 

1 

A 

X 

9.1 

16.1 

394.7 

8.5 

43.7 

1 

1 

9.2 

16.1 

394.7 

8.5 

45.1 

1 

1 

9.3 

16.1 

394.8 

8.6 

46.1 

1 

1 

9.4 

15.9 

394.9 

8.7 

46.7 

1 

1 

9.5 

15.6 

395.0 

8.9 

47.0 

1 

1 

9.6 

15.2 

395.2 

9.0 

47.0 

1 

1 

9.7 

14.7 

395.3 

9.2 

46.8 

1 

1 

9.8 

14.2 

395.5 

9.4 

46.3 

1 

1 

9.9 

13.6 

395.8 

9.6 

45.7 

1 

1 

10.0 

12.9 

396.0 

9.8 

44.9 

1 

1 

10.1 

12.2 

396.2 

10.0 

44.0 

1 

1 

10.2 

11.5 

396.5 

10.2 

43.1 

1 

1 

10.3 

10.7 

396.7 

10.4 

43.0 

1 

1 

10.4 

9.8 

397.0 

10.6 

42.4 

1 

1 

10.5 

9.0 

397.2 

10.7 

41.5 

1 

1 

10.6 

8.1 

397.5 

10.9 

40.2 

1 

1 

10.7 

7.2 

397.7 

11.0 

38.7 

1 

1 

10.8 

6.3 

398.0 

11.0 

36.9 

1 

1 

10.9 

5.4 

398.2 

10.9 

35.0 

1 

1 

11.0 

4.5 

398.4 

10.8 

32.9 

1 

1 

11.1 

3.7 

398.6 

10.7 

30.7 

1 

1 

11.2 

2.8 

398.8 

10.4 

28.4 

1 

1 

11.3 

2.0 

399.0 

10.1 

26.0 

1 

1 

11.4 

1.3 

399.1 

9.7 

23.5 

1 

1 

11.5 

0.6 

399.3 

9.2 

20.8 

1 

1 

11.6 

0.0 

399.4 

8.7 

17.9 

1 

1 

11.7 

-0.6 

399.5 

8.2 

14.9 

1 

1 

11.8 

-1.1 

399.6 

7.8 

11.6 

1 

1 

11.9 

-1.5 

399.7 

7.4 

8.1 

1 

1 

12.0 

-1.9 

399.8 

7.0 

4.3 

1 

1 

12.1 

-2.1 

399.8 

6.6 

O.l 

1 

1 

12.2 

-2.3 

399.9 

6.3 

-4.4 

1 

1 

12.3 

-2.4 

399.9 

6.1 

-9.3 

1 

1 

12.4 

-2.4 

400.0 

5.9 

-14.5 

1 

1 

12.5 

-2.3 

400.0 

5.8 

-19.9 

1 

1 

12.6 

-2.1 

400.0 

6.7 

-26.6 

1 

1 

12.7 

-1.8 

400.0 

6.7 

-31.2 

1 

1 

12.8 

-1.5 

400.0 

6.8 

-36.8 

1 

1 

12.9 

-1.1 

400.0 

6.9 

-42.3 

1 

1 

13.0 

-0.6 

400.0 

6.1 

-47.6 

1 

1 

m 


13.1  -0.2  400.0  6.3  -52.6 

CM  IN  RADAR  CONE  100.0000  PERCENT 

CMMCA  W/IN  STRUCTURAL  LIMITS  100.0000 


1  1 

PERCENT 
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JSTOP  =  1654.592 

#  ITERATIONS  =  150 


T 

BANK 

SPEED 

RANGE 

THETA 

RADAR 

STRUCT 

0.1 

1.8 

400.9 

8.0 

-0.3 

1 

1 

0.2 

1.6 

400.9 

8.0 

-0.8 

1 

1 

0.3 

1.4 

400.9 

8.0 

-1.3 

1 

1 

0.4 

1.2 

400.9 

8.0 

-1.8 

1 

1 

0.5 

1.0 

400.9 

8.0 

-2.2 

1 

1 

0.6 

0.8 

401.0 

8.0 

-2.6 

1 

1 

0.7 

0.7 

401.0 

8.0 

-3.0 

1 

1 

0.8 

0.5 

401.0 

8.0 

-3.4 

1 

1 

0.9 

0.3 

401.0 

8.0 

-3.7 

1 

1 

1.0 

0.1 

401.0 

8.0 

-4.0 

1 

1 

1.1 

-0.1 

401.1 

8.0 

-4.2 

1 

1 

1.2 

-0.2 

401.1 

8.0 

-4.4 

1 

1 

1.3 

-0.4 

401.1 

8.0 

-4.5 

1 

1 

1.4 

-0.6 

401.1 

8.0 

-5.2 

1 

1 

1.5 

-0.8 

401.1 

8.0 

-6.4 

1 

1 

1.6 

-0.9 

401.2 

8.0 

-8.1 

1 

1 

1.7 

-1.1 

401.2 

7.9 

-10.4 

1 

1 

1.8 

-1.2 

401.2 

7.9 

-13.1 

1 

1 

1,9 

-1.3 

401.2 

7.8 

-16.5 

1 

1 

2.0 

-1.3 

401.2 

7.7 

-20.3 

1 

1 

2.1 

-1.4 

401.2 

7.6 

-24.7 

1 

1 

2.2 

-1.4 

401.2 

7.6 

-29.7 

1 

1 

2.3 

-1.3 

401.2 

7.5 

-36.2 

1 

1 

2.4 

-1.3 

401.1 

7.5 

-41.3 

1 

1 

2.5 

-21.9 

411.2 

7.5 

-44.8 

1 

1 

2.6 

-21.4 

411.3 

7.5 

-45.5 

1 

1 

2.7 

-30.3 

416.7 

7.6 

-44.8 

1 

0 

2.8 

-30.1 

417.0 

7.6 

-42.6 

1 

0 

2.9 

-21.8 

412.5 

7.5 

-41.7 

1 

1 

3.0 

-22.3 

412.9 

7.5 

-42.2 

I 

1 

3.1 

-21.9 

412.7 

7.5 

-42.7 

1 

1 

3.2 

-22.5 

413.1 

7.5 

-43.2 

1 

1 

3.3 

-22.7 

413.2 

7.5 

-43.7 

1 

1 

3.4 

-23.1 

413.3 

7.5 

-44.1 

1 

1 

3.5 

-22.9 

413.1 

7.5 

-44.5 

1 

1 

3.6 

-23.5 

413.2 

7.5 

-44.9 

1 

1 

3.7 

-23.5 

413.0 

7.5 

-45.2 

1 

1 

3.8 

-24.1 

413.0 

7.5 

-45.4 

1 

1 

3.9 

-24.1 

412.7 

7.5 

-46.7 

1 

1 

4.0 

-24.5 

412.5 

7.5 

-46.5 

1 

1 

253 


4.3 

-25.1 

411.5 

7.8 

-40.8 

1 

1 

4.4 

-24.4 

410.6 

7.9 

-37.9 

1 

1 

4.5 

-25.2 

410.5 

8.0 

-34.4 

1 

1 

4.6 

-24.9 

409.8 

8.1 

-30.2 

1 

1 

4.7 

-25.2 

409.4 

8.2 

-25.3 

1 

1 

4.8 

-24.9 

408.8 

8.2 

-19.9 

1 

1 

4.9 

-32.4 

411.5 

8.2 

-12.5 

1 

0 

5.0 

-3.6 

399.9 

8.2 

-7.8 

1 

1 

5.1 

-4.0 

400.0 

8.2 

-7.2 

1 

1 

5.2 

-3.8 

399.9 

8.3 

-6.5 

1 

1 

5.3 

-3.7 

399.9 

8.3 

-5.8 

1 

1 

5.4 

-3.5 

399.8 

8.3 

-5.6 

1 

1 

5.5 

-3.9 

399.9 

8.2 

-5.9 

1 

1 

5.6 

-3.7 

399.8 

8.2 

-6.6 

1 

1 

5.7 

-3.6 

399.7 

8.2 

-7.9 

1 

1 

5.8 

-3.3 

399.6 

8.1 

-9.7 

1 

1 

5.9 

-3.6 

399.7 

8.0 

-12.0 

1 

1 

6.0 

-3.3 

399.6 

7.9 

-14.7 

1 

1 

6.1 

-3.1 

399.5 

7.8 

-18.1 

1 

1 

6.2 

-2.7 

399.4 

7.8 

-21.8 

1 

1 

6.3 

-3.0 

399.5 

7.7 

-25.5 

1 

1 

6,4 

-23.2 

404.3 

7.7 

-26.0 

1 

1 

6.5 

-23.0 

404.0 

7.7 

-23.0 

1 

1 

6.6 

-22.8 

403.7 

7.7 

-19.6 

1 

1 

6.7 

-22.2 

403.5 

7.7 

-15.7 

1 

1 

6.8 

-21.4 

403.2 

7.7 

-11.4 

1 

1 

6.9 

-21.7 

403.2 

7.7 

-6.8 

1 

1 

7.0 

-21.0 

403.1 

7.7 

-1.6 

1 

1 

7.1 

-20.5 

403.0 

7.7 

4.6 

1 

1 

7.2 

-7.0 

400.1 

7.7 

9.6 

1 

1 

7.3 

0.4 

398.7 

7.7 

12.5 

1 

1 

7.4 

0.8 

398.6 

7.7 

14.8 

1 

1 

7.5 

0.9 

398.6 

7.7 

17.7 

1 

1 

7.6 

1.3 

398.6 

7.7 

21.0 

1 

1 

7.7 

1.3 

398.6 

7.6 

24.9 

1 

1 

7.8 

1.6 

398.6 

7.6 

29.2 

1 

1 

7.9 

1,6 

398.6 

7.6 

34.0 

1 

1 

8.0 

1.9 

398.6 

7.7 

39.3 

1 

1 

8.1 

22.7 

393.7 

7.7 

41.6 

1 

1 

8.2 

22.5 

393.7 

7.7 

40.8 

1 

1 

8.3 

22.9 

393.6 

7.8 

40.0 

1 

1 

8.4 

22.9 

393.5 

7.8 

39.1 

1 

1 

8.5 

22.8 

393.6 

7.8 

38.2 

1 

1 
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8.6 

22.7 

393.7 

7.8 

37.3 

1 

1 

8.7 

23.0 

393.7 

7.8 

36.5 

1 

1 

8.8 

22.9 

393.9 

7.7 

35.7 

1 

1 

8.9 

22.9 

394.1 

7.7 

34.9 

1 

1 

9.0 

22.6 

394.3 

7.6 

34.2 

1 

1 

9.1 

22.8 

394.5 

7.5 

33.6 

1 

1 

9.2 

22.4 

394.8 

7.5 

32.5 

1 

1 

9.3 

22.4 

395.1 

7.5 

31.1 

1 

1 

9.4 

22.0 

395.4 

7.5 

29.1 

1 

1 

9.5 

22.2 

395.7 

7.6 

26.7 

1 

1 

9.6 

21.6 

396.1 

7.6 

23.8 

1 

1 

9.7 

21.6 

396,4 

7.6 

20.5 

1 

1 

9.8 

21.5 

396.6 

7.7 

16.6 

1 

1 

9.9 

21.1 

397.0 

7.7 

12.2 

1 

1 

10.0 

21.2 

397.2 

7.7 

7.4 

1 

1 

10.1 

17.5 

398.0 

7.7 

2.6 

1 

1 

10.2 

0.4 

400.3 

7.7 

0.6 

1 

1 

10.3 

-0.1 

400.4 

7.7 

2.2 

1 

1 

10.4 

-0.1 

400.4 

7.7 

3.3 

1 

1 

10. S 

-0.2 

400.4 

7.7 

3.8 

1 

1 

10.6 

-0.1 

400.3 

7.6 

3.6 

1 

1 

10.7 

1 

o 

400.4 

7.6 

2.9 

1 

1 

10.6 

-0.7 

400.4 

7.6 

1.7 

1 

1 

10.9 

-0.7 

400.4 

7.6 

-0.2 

1 

1 

11.0 

“0.6 

400.4 

7.5 

-2.6 

1 

1 

11.1 

-1.1 

400.4 

7.3 

-6.6 

1 

1 

11.2 

-0.9 

400.4 

7.2 

-9.1 

1 

1 

11.3 

31.6 

398.1 

7.1 

-13.8 

1 

0 

11.4 

-21.6 

401.7 

7.0 

-26.4 

1 

1 

11. S 

-21.0 

401.5 

6.8 

-26.3 

1 

1 

11.6 

■^21.1 

401.4 

6.7 

-26.3 

1 

1 

11.7 

-20.8 

401.2 

6.7 

-26.1 

1 

1 

11.8 

-20.7 

401.0 

6.6 

-25.4 

1 

« 

A 

11.9 

-20.6 

400.9 

6.6 

-24.2 

1 

1 

12,0 

-20.2 

400.8 

6.6 

-22.5 

1 

1 

12.1 

-20.4 

400.6 

6.6 

-20.3 

1 

1 

12.2 

-20.1 

400.5 

6.7 

-17.5 

1 

1 

12.3 

-19.9 

400.4 

6.7 

-14.2 

1 

1 

12.4 

-20,0 

400.3 

6,7 

-10.3 

1 

1 

12. S 

-20.1 

400.2 

6.7 

-5.8 

1 

1 

12.6 

-17.9 

400.1 

6.7 

-1.1 

1 

1 

12.7 

0.3 

399.9 

6.7 

1.0 

1 

1 

12.8 

0.2 

400.0 

6.7 

0.6 

1 

1 

12.9 

0.1 

400.0 

6.7 

0.1 

1 

1 

13.0 

0.1 

400.0 

6.7 

-0.3 

1 

1 
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CM  IN  RADAR  CONE  100.0000  PERCENT 

CHHCA  W/IN  STRUCTURAL  LIMITS  96.94656  PERCENT 
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257 


JSTOP  =  7064.657 

#  ITERATIONS  =  150 


T 

BANK 

SPEED 

RANGE 

TKETA 

RADAR 

STRUCT 

0.1 

1.6 

401.1 

8.0 

-0.2 

1 

1 

0.2 

1.4 

401.1 

8.0 

-0.7 

1 

1 

0.3 

1.2 

401.1 

8.0 

-1.1 

1 

1 

0.4 

1.1 

401.1 

8.0 

-1.6 

i 

1 

0.5 

0.9 

401.1 

8.0 

-2.0 

1 

1 

0.6 

0.7 

401.2 

8.0 

-2.4 

1 

1 

0.7 

0.6 

401.2 

8.C 

-2.7 

1 

1 

0.8 

0.4 

401.2 

8.0 

-3.0 

1 

1 

0.9 

0.2 

401.2 

8.0 

-3.3 

1 

1 

1.0 

0.1 

401.3 

8.0 

-3.5 

1 

1 

1.1 

-O.l 

401,3 

8.0 

-3.7 

1 

1 

1.2 

-0.2 

401.3 

8.0 

-3.9 

1 

1 

1.3 

-0.4 

401.3 

8.0 

-4.0 

1 

t 

1.4 

-0.6 

401.4 

8.0 

-4.6 

1 

1 

l.S 

-0.7 

401.4 

8.0 

-5  8 

1 

1 

1.6 

-0.9 

401.4 

7.9 

-7 .  b 

1 

1 

1.7 

o 

1 

401.  S 

7.9 

-9.8 

1 

1 

1.8 

-1.1 

401.5 

7.8 

-12.5 

1 

1 

1.9 

-1.1 

401. S 

7.8 

-15.9 

1 

1 

2.0 

-1.1 

401.5 

7.7 

-19.8 

1 

1 

2.1 

-1.1 

401.5 

7.6 

-24.3 

1 

1 

2.2 

-1.0 

401.4 

7.5 

-29.4 

1 

1 

2.3 

-0.9 

401,4 

7.5 

-35.0 

1 

1 

2.4 

-0,8 

401,3 

7.5 

-41.3 

1 

1 

2.S 

-22.9 

414.5 

7.6 

-44.7 

1 

i 

2.6 

-22.2 

415.0 

7.5 

-45.3 

1 

1 

2.7 

-31.6 

422.2 

7.5 

-44  4 

1 

p 

2.8 

-31.3 

422.5 

7.5 

-42>0 

1 

0 

2,9 

-22.  S 

416. S 

7.5 

-40.9 

1 

i 

3.0 

-22.9 

•117.0 

7.4 

‘41,3 

1 

1 

3.1 

*22.4 

456.8 

7.4 

-41.8 

1 

1 

3.2 

-23.0 

417,3 

7.4 

-42.3 

1 

1 

3.3 

-23.2 

417.4 

7.4 

-42.7 

1 

1 

3.4 

-23.6 

417.6 

7.4 

-43.1 

1 

1 

3.5 

-23.3 

417.3 

7.3 

-43.5 

i 

1 

3.6 

-  23  9 

417.4 

7.3 

-44.0 

1 

1 

3.7 

-23.8 

417.1 

7.3 

-44.3 

1 

1 

3.8 

-24.4 

417.1 

7,3 

-44.6 

1 

1 

3.9 

-24,4 

410,7 

7,3 

-44.9 

1 

1 

4.0 

>24.8 

416,5 

7.3 

‘44.7 

1 

1 
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4.1 

-24.6 

415.7 

4.2 

-24.9 

415.4 

4.3 

-25.4 

416.1 

4.4 

-24.6 

414.0 

4.5 

-25.5 

413.8 

4.6 

-25.1 

412.9 

4.7 

-25.5 

412.4 

4.8 

-26.2 

411.6 

4.9 

-33.0 

415.3 

5.0 

-2.5 

399.7 

5.1 

-3.0 

399.9 

S.2 

-2.3 

399.7 

5.3 

-2.8 

399.7 

5.4 

-2.6 

399.6 

5.6 

-3.1 

399.7 

5,6 

-2.9 

399.6 

5.7 

-2.7 

399. 6 

5.8 

-2.5 

399.4 

5.9 

-2.9 

399.5 

6,0 

-2.5 

399.4 

6.1 

-2.3 

399.3 

6.2 

-1.8 

399.2 

6.3 

-2.1 

399.3 

6.4 

-23.8 

40S.9 

6.5 

-23.5 

405.5 

6.6 

-23.3 

405.1 

6.7 

-22.8 

404.7 

6.8 

-22.0 

404.3 

6.9 

-22.3 

404.4 

7.0 

-21.6 

404.1 

7.1 

-21.2 

404.0 

7.2 

-6.8 

400.1 

7.3 

1.1 

398.1 

7.4 

1.4 

598.1 

7.5 

1.4 

398.1 

7.6 

1.7 

398.0 

7.7 

1.6 

398.1 

7.8 

1.9 

398.0 

7.9 

1.7 

398.1 

8.0 

1.8 

398.1 

8.1 

24.1 

391.6 

8.2 

23.8 

391.6 

8.3 

24.0 

391.5 
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